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The crystallization of heterogeneously nucleated bulk polymers typically 
occurs in a single exothermic process, within a narrow temperature range, i.e., a 
single exothermic peak is detected by Differential Scanning Calorimetry when the 
material is cooled from the melt. However, when a bulk semicrystalline polymer is 
subdivided or dispersed into a multitude of totally (or partially) isolated 
microdomains (e.g., droplets or cylinders), in number comparable to that of 
commonly available nucleating heterogeneities, several separated crystallization 
events are typically observed, i.e., fractionated crystallization. This situation is often 
found for the minor crystallizable component in immiscible blends.  
When the bulk polymer is dispersed into a number of microdomains that is 
several orders of magnitude higher than the available number of heterogeneities 
within it, most microdomains will be heterogeneity-free. In these clean microdomains 
the nucleation can occur by contact with the interfaces (i.e., surface nucleation) or by 
homogeneous nucleation inside the microdomain volume. These cases can be easily 
encountered in cylinders or spheres within strongly segregated block copolymers, or 
in infiltrated polymers within nanopores of alumina templates. 
In this work, a comprehensive review of the known cases of fractionated 
crystallization is provided. The changes upon decreasing microdomain sizes from a 
dominant single heterogeneous nucleation, through fractionated crystallization, to 
surface or homogeneous nucleation are critically reviewed. Emphasis is placed on the 
common features of the phenomenon across the different systems, and thus on the 
general conclusions that can be drawn from the analysis of representative 
semicrystalline polymers. The origin of the fractionated crystallization effects and 
their dramatic consequences on the nucleation and crystallization kinetics of 
semicrystalline polymers are also discussed. 
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2-D, two dimensional; 3-D, three dimensional; A, droplet surface area; AAO, Anodic 
Aluminum Oxide Templates; CNT, Carbon nanotube; DI, Domain I or isotropic melt Domain; DII, 
Domain II or self-nucleation Domain; DIII, Domain III or self-nucleation and annealing Domain; 
DIIIA, Domain IIIA or Domain in which annealing is observed without self-nucleation; DIIISA, Domain 
IIISA or self-nucleation and annealing Domain, equivalent to Domain III; DMBS, 1,3:2,4-bis(3,4-
dimethyl-benzylidene sorbitol); DSC, differential scanning calorimetry; E-b-MB, ethylene-b-(3-
methyl-1-butene); E-b-VCH, polyethylene-b-poly(vinylcyclohexane); E-b-SEB, polyethylene-b-
poly(styrene-r-ethylene-r-butene); E-GMA, copolymer of ethylene and glycidyl methacrylate; EPDM, 
ethylene propylene diene methylene; EPDM-g-MA, ethylene propylene diene methylene grafted 
maleic anhydride; f, temperature correction term; fZA, fraction of droplets with exactly z impurities;G, 
growth rate; HDPE, high density poly(ethylene); hPN, hydrogenated polynorbornene; IV, volume 
dependent nucleation rate; IA, area dependent nucleation rate; iPP, isotactic poly(propylene); k, the 
overall crystallization rate constant; 𝐾𝑔
𝜏, the energy barrier associated with the overall crystallization; 
LDPE, low density poly(ethylene); LLDPE, linear low density poly(ethylene); LPE, linear 
poly(ethylene); MA, concentration of heterogeneities of type A in the bulk polymer; MAVD, average 
number of type A seeds per droplet with volume VD; MA, Maleated PP; MA, Blend 30 cPA6 (NH2 
terminated PA)/70 PE-1 MAH(maleic anhydride):NH2 ratio 4:1; MC, Blend 20 PA6/80 PE-3 
MAH:NH2 ratio 3:1; MDs, microdomains; Mn, number average molecular weight; n, Avrami index; 
ngd, Avrami term related to growth dimensionality; nn, Avrami term associated to nucleation; N, 
polymerization degree; N/N0, is the fraction of droplets not yet crystallized at time t; N0, is the total 
number of droplets that undergo nucleation; Na+-MMT, layered sodium montmorillonite; NAs, 
nucleating agents; NA11, (4,6-di-tert-butylphenyl)phosphate; nm, nanometer; NMR, nuclear magnetic 
resonance; OBC, olefin block copolymer; P2VP, poly(2-vinylpyridine); P3HT, poly(3-
hexylthiophene); P4tBS, poly(4-tert-butyl styrene); PA6, poly(amide 6); PB, poly(butadiene); PBA, 
poly(butylene adipate); PBS, poly(butylene succinate); PC, poly(carbonate); PCL, poly(caprolactone); 
PDI, polydispersity index; PE, poly(ethylene); PEG, poly(ethylene glycol); PEO, poly(ethylene oxide); 
PEP, poly(ethylene-alt-propylene); PES, poly(ethylene suberate); PET, poly(ethylene terephthalate); 
PHB, poly(3-hydroxybutyrate); PI, poly(isoprene); PLLA, poly(L-lactide); PLOM, Polarized Light 
Optical Microscopy;  PMMA, poly(methyl methacrylate); POB, poly(oxybutylene); POE, 
poly(oxyethylene); POM, poly(oxymethylene); PPDX, poly(dioxanone); PPE, poly(phenylene-ether); 
PPP, poly(2,5-dihexyloxy-p-phenylene); PNCs, polymer nanocomposites; aPS, atactic poly(styrene); 
PS, poly(styrene); P(S-ODMA), poly(styrene-block-octadecylmethacrylate); PVDF, poly(vinylidene 
fluoride); P(VDF70-TrFE30), poly(vinylidene fluoride70-trifluorethyline30); PVSt, poly(4-
(vinylpheneyl)-1-butene)); QQ, quinacridone quinone; R, gas constant; RT, room temperature; SAXS, 
small angle X-ray scattering; SB, sodium benzoate; SBS, poly(styrene-butadiene-styrene); SEBS, 
styrene ethylene butylene styrene; SEM, scanning electron microscopy; SEP, styrene-block-ethylene-
ran-propylene; SiO2, silica; SMA2, styrene-maleic anhydride copolymers; SSA, successive self-
nucleation and annealing; SCB, short chain branches; t, time; t0, the induction time; T, temperature; TA, 
crystallization temperatures after nucleation from type A heterogeneity; Tannealing, temperature at which 
annealing occurs; TB, crystallization temperatures after nucleation from type B heterogeneity; Tc, 
crystallization temperature; TC B, crystallization temperature of the B peak; Tiso, temperature of the 
isothermal experiment; Tg, glass transition temperature; Tm, melting temperature; Tm0, equilibirum 
melting temperature; TODT, order disorder transition temperature; Ts, self-nucleation temperature; TSN, 
highest temperature at which self-nucleation temperature is observed temperature; 𝑇∞ , temperature 
where chain mobility ceases; TEM, transmission electron microscopy; U*, the activation energy for 
chain diffusion; ULDPE, ultra low density poly(ethylene); UV, ultraviolet; V, droplet volume; Vc, 
being the relative volumetric transformed fraction; VD, average droplet volume; VLDPE, very low 
density poly(ethylene); Xc, crystallinity degree; Xt, crystallinity at different crystallization times; X∞, 
final crystallinity; ZN-PP,  Ziegler‐Natta PP; 
1
𝜏50%
 , the inverse of the half-crystallization time; G*, 
free energy for the formation of a nucleus of critical size;  H(t), crystallization enthalpy at time t; 
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HCA, crystallization enthalpy of peak A; HCB, crystallization enthalpy of peak B; HTOT , is the final 
crystallization enthalpy at the adopted crystallization temperature; , interfacial free energy 
difference parameter;  A, interfacial free energy difference parameter for A type heterogeneity;  B, 
interfacial free energy difference parameter for B type heterogeneity; T, undercooling; TA, 
supercooling corresponding to the crystallization from A type heterogeneity; TB, supercooling 
corresponding to the crystallization from B type heterogeneity; mc, interfacial free energy between the 
polymer melt and the crystal; ms, interfacial free energy between the polymer melt and the solid 
substrate; cs, interfacial free energy between the crystal and the solid substrate; φSiO2, silica content; 
φfiller, filler content; m, micrometer; vd,volume of the phase; 𝜒, Flory Huggins interaction parameter 
between the blocks forming the copolymer. 
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The phenomenon of fractionated crystallization in immiscible polymer blends, 
strongly segregated block copolymer or polymers infiltrated within AAO templates, 
or any situation where a bulk polymer is subdivided into many microdomains (MDs)  




Figure 1. Schematic illustration of the fractionated crystallization concept. A bulk polymer containing 
different nucleating impurities (A, B) is shown on top, left. The related DSC cooling curve is reported 
below. The same polymer is divided into many different microdomains (top, right) with each color 
representing a possible nucleation modality: red, impurity A; violet, impurity B; green, matrix interface 
(impurity-free droplets); yellow, homogeneous nucleation (impurity-free droplets). The corresponding 
DSC trace exhibiting multiple crystallization exotherms on cooling is shown below the system scheme 
(bottom, right). 
 
Let us consider a bulk polymer (Figure 1, top left), containing different 
nucleating heterogeneities (A, B), with the impurity A being much more efficient than 
impurity B, i.e., possessing a lower heterogeneous nucleation free energy barrier. 
Upon cooling from the melt, the type A heterogeneity will nucleate the polymer first 
and spherulites will start to grow from them. If such impurities are present in 
sufficient quantity, the undercooled melt will be consumed before leaving a chance to 
type B impurities to nucleate at lower temperatures. In this case, a single high 
temperature crystallization exotherm is commonly observed in non-isothermal DSC 
scans (Figure 1 bottom left).  
When the crystallizing polymer is divided into numerous MDs, such as 
droplets dispersed in a liquid medium or in a matrix of an immiscible polymer, 
spheres or cylinders dispersed in a strongly segregated block copolymer or polymers 
infiltrated in AAO templates, fractionated crystallization can arise, if the number of 
the domains is of the same order of magnitude of the nucleating impurities contained 
in the bulk polymer (Figure 1, top right). It is intuitive to consider that, for statistical 






















































enclose type B impurities or eventually be free of any nucleation-active particle (some 
of the original heterogeneities contained in the bulk polymer can also be wasted by 
migrating to the matrix during blending). Being the crystallization of each droplet 
independent from each other, several exotherms of crystallization can be observed, 
each attributed to a specific nucleation mechanism which is active in a certain 
droplets’ population (Figure 1, bottom right). More specifically, the most effective 
heterogeneities (A in the example of Figure 1) will give rise to a bulk-like 
crystallization peak, and the undercooling will increase for other impurities (e.g., B in 
Figure 1) inversely to the corresponding nucleation efficiency. 
Eventually, two other nucleation possibilities exist for droplets that are free of 
any impurity. In particular, a nucleus can form at the interface with the second phase, 
i.e., dispersing medium or matrix material in immiscible blends, as indicated by the 
letter C and the corresponding exotherm at larger undercoolings in the scheme (Figure 
1, right). If even lower crystallization temperatures are achieved without the 
occurrence of interface-assisted nucleation, for instance for the presence of a 
relatively inactive surface, nucleation will occur inside the volume of the dispersed 
phase in a homogeneous fashion (letter D in Figure 1). Note that homogeneous 
nucleation takes place at the maximum allowed undercooling, often close to the glass 
transition temperature of the polymer. Surface-induced and homogeneous nucleation 
mechanisms are typically very difficult to distinguish by a conventional DSC run, 
without further evidences (e.g., domain size dependence of the nucleation rate). As 
such, it is not common to observe both types of nucleation in the same sample, 
therefore the representation of Figure 1 scheme is just for the sake of concise 
explanation. 
In this paper, we review the fractionated crystallization phenomena reported for 
semi-crystalline polymers for the past 25 years with the hindsight of the recently 
published literature (last 10 years). We perform quantitative comparison of selected 
data obtained by many different authors to present unifying trends and thus be able to 
explain the origin of the observed effects. Rather than taking a chronological 
approach, we decided to divide the text by the different systems in which fractionated 
crystallization has been reported and analyzed: Polymer blends and binary systems 
(i.e., break up of multi-layered films and nanofibers); Block copolymers; Polymers 
infiltrated within AAO templates (i.e., nanoporous alumina templates) and 
nanocomposites. Finally, we devote the final section to the understanding of 
 7 
fractionated crystallization by closely examining the nucleation process with different 
ways to inject nuclei into the material MDs. 
 
2. Fractionated crystallization in different polymeric systems 
2.1. Polymer blends and two-phase systems 
Polymer blends and two-phase systems are excellent models to study 
fractionated crystallization of semicrystalline polymers. The problem of fractionated 
crystallization and heterogeneous nucleation of an ensemble of crystallizing droplets 
has been formulated mathematically by Pound and La Mer for the case of tin. [1] 
Moreover, the attribution of the different crystallization exotherms to the presence of 
impurities with different nucleating efficiency derives from the interpretation of 
Frensch and Jungnickel [2] for semicrystalline polymers. Given the large number of 
droplets, the probability of finding heterogeneities of type A follows a Poisson 
distribution. Considering the average droplet volume VD, the fraction of droplets with 







] exp⁡(−𝑀𝐴𝑉𝐷) (1) 
where MA is the concentration of heterogeneities of type A in the bulk 
polymer, while MAVD is the average number of type A seeds per droplet with volume 
VD.  
Therefore, the fraction of droplets that will crystallize at the same 
undercooling of the bulk polymer is the one that contains at least one A impurity, 
hence:  
 𝑓𝑧>0
𝐴 = 1 − 𝑓0
𝐴 = 1 − exp⁡(−𝑀𝐴𝑉𝐷) (2) 
     
The rest of the droplets will thus solidify at larger undercooling, induced by 
heterogeneity of a different kind (e.g., B, etc.). The concentration of the respective 
heterogeneities can be somehow deduced by the relative area of the fractionated DSC 
peaks (see Figure 1, right), neglecting to a first approximation any issue with droplet 
size polydispersity. 
The link between the undercooling at which a certain ensemble of droplets 
solidifies and the impurity that they contain is provided by Frensch and Jungnickel [2] 
with some considerations on heterogeneous nucleation theory for polymeric materials. 
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The free energy for the formation of a nucleus of critical size (G*) on the surface of 






where is the interfacial free energy difference parameter which accounts 
for the energy penalty in substituting one substrate-melt interface with a crystal-
substrate and crystal-melt interface. Thus  is defined as the difference in the 
interfacial free energies:  
 mc - ms +cs        (4) 
with the subscript m, c and s representing the polymer melt, crystal and the 
solid substrate, respectively.  
Under the assumption that the onset of nucleation at a given temperature 
occurs when G*/T is lower than a certain critical value, Frensch and Jungnickel 
derived the following expression relating  and the undercooling at which the two 












where TA and TB are the crystallization temperatures after nucleation from type 
A and type B heterogeneities respectively, and TA and TB are the corresponding 
supercoolings. 
This relation holds for different kind of heterogeneities, but it can be 
convenient to consider the comparison between the undercooling at which a certain 
seed can nucleate and homogeneous nucleation. This can be done by remembering 
that the G* for homogeneous nucleation is proportional to 2mc and the 
homogeneous nucleation temperature is the highest achievable undercooling. In 
Figure 2, a derivation of equation (5) [2] is applied to real data obtained in iPP/PS 
blends in which different nucleating heterogeneities could be identified, either 
because purposely added (NA-11, sodium benzoate [3]) or from comparison of 
literature values of Tc (Irganox additive) or  (PS surface) [4, 5]. It can be seen that 
the highest is the nucleating efficiency, corresponding to a lower /mc, the lower is 




Figure 2. Relation between relative interfacial free energy difference of a given nucleating interface 
and relative undercooling with respect to homogeneous nucleation temperature for 
polystyrene/polypropylene blends (see text and equation 5). The line represents a fit of the 
experimental data with equation 5. A homogeneous nucleation temperature of 40 °C has been 
employed. Data are taken from refs. [3-5]. 
 
 
2.1.1. Immiscible blends  
Extensive literature exists for the case of immiscible blends. Some of the 
works reporting fractionated crystallization are summarized in Table 1, along with 
information on the obtained morphology, composition and crystallization peak 
temperatures, when available. For a comprehensive discussion of all the literature, the 
reader is referred to the recent chapter from Groeninckx et al. [6], while hereby we 
will mainly highlight the most important observations for these systems, discussing 
them in the light of the general concepts outlined above.  
 
Table 1. Collection of literature data for fractionated crystallization in immiscible blends. Whenever 
available, composition, domain size and fractionated crystallization temperatures are reported. 
 








21/79 (volume) < 5 51/80 
[7] 10/90 (volume) < 5 50 
5/95 (volume) < 5 48 
iPP/SBS 
25/75 < 0.2 43/71 
[8] 
50/50 < 0.7 46/74 
iPP/PS 




20/80 0.6 75/95 
iPP/PS/SBS 
10/90 1.0 64 
20/80 1.0 64 
iPP/LLDPE 10-20 - 83 [10] 
iPP/PA6 20/80 2-4 76-87 [11] 
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iPP/LLDPE 
20/80 < 1 89 
[12] 35/65 < 1 91 
iPP/LLDPE 20/80 1-3 86 
iPP/LLDPE 20/80 < 2 82/90 
[13, 
14] iPP/VLDPE 20/80 < 2 70/85 
iPP/ULDPE 20/80 < 1 65/95 
iPP/PS 20/80 0.29 um3 44/74/109 
[15] 
iPP/PS/SEP 20/80 0.1-0.33 um3 44-47/74/101 
iPP/PA6/MA 
30/70 < 1 um 110/123 
[16] 
40/60 < 1 um 120/125 
iPP/PC 
10/90 1-3 94.3/98.2/112.1 
[17] 
20/80 3-5 96/112.7 
iPP/PCL 
3/97 < 3 49.8/71.6/95.7 
[18] 
5/95 < 3 51.1/72.3/95.3 
10/90 2.8 51.6/72.4/96.9 
30/70 12.8 52.3/71.6/114.5 
iPP/PS 
10/90 1.46 43.7 
[19] 20/80 - 
45.6/62.8/67.2/10
3.8 
iPP/PS/SEP 20/80/4 1.50 46.3/62.3 
LDPE/PS 20/80 - 53.5/61.5/70/100 [20] 
LLDPE/PS 
10/90 0.04 um3 73/105 
[15] 
20/80 0.06 um3 74/105 
30/70 0.18 um3 72/102 
40/60 0.38 um3 74/104 
LLDPE/PS/SEBS 
10/90/1 0.01 um3 72/103 
20/80/2 0.06 um3 73/103 
30/70/3 0.29 um3 72/103 












30/70 0.14 66.6/77.5/115.7 
LLDPE/PS 
10/90 0.17 67.3 
30/70 0.23 51.2/70.1/102.9 
ULDPE/PS 20/80 0.87 40/70.3/74.7 
HDPE/PA6/EPDM-g-MA 
10/70/20 < 1 98/115 
[22] 15/70/15 < 2 100/115 
20/70/10 < 1 102/115 
HDPE/PET 15/75 1.4-2.2 106/115 
[23] 
HDPE/E-GMA/PET 12.5/2.5/75 0.6 75/98 
PEO/iPP 
50/50 3-5 12/38 
[24] 
25/75 1-3 -18 
PCL/PEO 20/80 < 5 25 [25] 
 
Two paradigmatic examples of fractionated crystallization encountered in 
immiscible blends by varying concentration are shown in Figure 3 for 
polystyrene/polypropylene (PS/iPP) and polystyrene/linear low-density polyethylene 
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(PS/LLDPE) blends. Figure 3A presents the DSC cooling curves of PS/iPP blends at 
three different compositions. At an iPP content of 30 % two crystallization exotherms 
are already observed, with the main peak at the highest temperature, attributed to type 
A heterogeneities, being dominant. In fact, given the coarse morphology at this 
composition, with droplet size in the range of 7 - 9 m, the presence of such 
impurities in the largest part of the droplets ensembles is very likely. With the 
reduction of iPP concentration to 20 and finally 10 %, the droplet size decreases to 2 
m and below 1 m, respectively [15]. Correspondingly, the fraction of droplets 
containing highly active impurity A becomes much lower and finally disappears.  
 
 
Figure 3. Selected examples of DSC cooling curves for immiscible blends at different indicated 
compositions for (A) PS/iPP and (B) PS/LLDPE. Adapted with permission from ref. [15]. 
 
We note that in the blend with 20 % iPP three fractionated crystallization 
peaks are observed, attributed to impurity A, B and homogeneous nucleation at the 
lowest temperature (peak C). The sub-micron droplets of PS/iPP 90/10, instead, only 
exhibit nucleation by the less active heterogeneity B and via surface/homogeneous 
modality at around 45 °C (peak C).  
Similar considerations also hold for PS/LLDPE blends in Figure 3B. In this 
case, the blends feature two main crystallization peaks, the one at high temperature 
being coincident with the one which characterizes bulk crystallization via 
heterogeneous nucleation (type A impurity). With the progressive decrease of the 
LLDPE content in the blend, from 40 to 10 %, the area of such peaks decreases, at the 
expense of the low temperature fractionated crystallization peak which grows in 




































































intensity and becomes the dominant crystallization event. Such peak at around 75 °C 
could be tentatively attributed to a different kind of heterogeneity (type B) or to 
surface-induced nucleation by the PS matrix. It is interesting to note that under these 
conditions, despite the submicron droplet size, exotherm A does not totally disappear, 
indicating the presence of a small droplet population is still very efficiently nucleated.  
To clarify the effect of blend composition on fractionated crystallization, we 
have collected data from several systems in the literature in Figure 4. In particular, we 
considered the extent of fractionated crystallization, as represented by the fractional 
area of the lowest temperature crystallization peak. Figure 4A shows the trends of this 




Figure 4. Fractional area of the low temperature fractionated crystallization exotherms for different 
immiscible blends systems as a function of (A) concentration of the semicrystalline component, (B) 
number of droplets of the dispersed phase per unit volume. 
 
A gradual increase of fractionated crystallization with decreasing content of 
semicrystalline polymer can be noticed for all different blends, i.e., notwithstanding 
the specific polymer considered. Typically, saturation in the fractional area of low 
temperature crystallization peak is reached for concentration in the range 10 - 20 % of 
crystallizable component, depending on the specific polymer pair taken into account. 
The lack of a common trend among the different blends indicates that fractionated 
crystallization is not controlled by the overall concentration of the crystallizing 
component, but rather depends on the specific morphology that is generated during 

















































































A more instructive way of looking at fractionated crystallization is reported in 
Figure 4B. Here, the extent of fractionated crystallization is shown as a function of 
the number of droplets per unit volume. The rationale for interpreting Figure 4B is 
that the low temperature crystallization peak would increase once the concentration of 
isolated microdomains overcomes that of active heterogeneous nuclei in the bulk 
material. It can be seen that the droplet concentration for the maximum of fractional 
area of the low Tc peak is different for each system, as expected given the specific 
content of impurities in each material. For most of the blends the transition from bulk 
to fractionated crystallization is very sharp, as the fractional area of the low 
crystallization temperature peak saturates in an interval of droplet concentration 
smaller than one order of magnitude. This is also in agreement with the expectation, 
given the precise number of original nuclei.  In this respect, the blends with PA6 are 
an exception. For those systems the extent of fractionated crystallization increases 
more gradually, over a larger range of droplet concentration. The possible reason 
could be related to the existence of different type of nucleating impurities with 
relatively high efficiency, or to polydispersity in the microdomain sizes. 
To further strengthen the link between immiscible blends morphology and 
fractionated crystallization, it is of interest to consider compatibilized systems [15, 
26]. In fact, besides tuning the composition, adding a compatibilizer is known as an 
effective way to tailor the dispersed phase size. Some clear examples showing the 
variation of fractionated crystallization behavior upon increasing the compatibilizing 
agent content in the blend are displayed in Figure 5.  
Figure 5A presents the DSC cooling curves of an 80/20 PS/iPP blend 
containing increasing content of styrene-block-ethylene-ran-propylene (SEP) diblock 
copolymer as compatibilizer [15]. The non-compatibilized blend shows a distinct 
fractionated crystallization behavior, with the peaks at around 70 °C being the 
dominant. Peaks at higher temperature (ca. 115 °C) characterizing type A 
heterogeneities are also present, together with a small fraction of clean droplet 
nucleating at the homogeneous nucleation temperature, around 45 °C. Upon addition 
of the SEP compatibilizers, all the high temperature exotherms (A, B, C) tend to 
disappear, while the homogeneous nucleation peak (peak D) becomes more and more 
important with increasing SEP concentration. Such change in the fractionated 
crystallization behavior is associated with a decrease of droplet size of about a factor 
 14 
2, from 1.6 to 0.9 m. As a result, the higher number of smaller droplets lowers the 
probability of finding highly active heterogeneities in a relevant ensemble of droplets, 
thus favoring homogeneous nucleation in the impurity-free domains. 
 
 
Figure 5. Selected examples of DSC cooling curves for immiscible blends including different indicated 




Figure 5B displays the cooling curves of PS/PA6 75/25 blends reactively 
compatibilized upon extrusion, with the addition of different quantities of styrene-
maleic anhydride copolymer (SMA2) [26]. PS/PA6 blend without compatibilizer 
exhibits fractionated crystallization with two main peaks: one at the bulk 
crystallization temperature (188 °C), and the second at around 170 °C. This 
fractionated crystallization is the result of a droplet dispersion with an average size of 
around 2 m. The addition of SMA2 has a noteworthy effect, causing the appearance 
of a low-temperature exotherm, located around 95 °C, and the simultaneous decrease 
in area of the high temperature fractionated crystallization peaks. Above about a level 
of 5 - 6 % of SMA2, the morphology, which has changed to an average droplet size 
below 0.2 m, does not change anymore, and thus fractionated crystallization is 
correspondingly unaltered. 
Other than non-isothermal, isothermal crystallization experiments for the 
dispersed phase of immiscible blends have been very informative for studying 
nucleation mechanism [3, 27-30]. In fact, given the typically large undercoolings, it 
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can be assumed that nucleation is the rate-determining step of the overall 
crystallization process, i.e., once one droplet is nucleated, the crystallites grow very 
fast to occupy the whole droplet volume and growth time can be neglected with 
respect to nucleation time. Under such conditions, only one nucleation event per 
droplet occurs, and each isolated microdomain nucleates independently from the 
others and randomly in time.  Such a process is thus described by a first-order 
kinetics, according to:  
 𝑁
𝑁0
= 𝑒−𝑘𝑡 (6) 
where N/N0 is the fraction of droplets not yet crystallized at time t, and N0 is 
the total number of droplets that undergo nucleation. The rate constant, k, depends on 
the specific nucleation mechanism considered. In particular, for homogeneous 
(volume) and surface nucleation it is equal to IV·V and IA·A, respectively. IV and IA are 
the volume-dependent and area dependent nucleation rates, while V and A are the 
corresponding droplet volume and surface area.   
In the literature, Equation 6 has been applied to describe the crystallization 
kinetics of several immiscible blends with droplet morphology, namely PS/PA6 [28], 
compatibilized ethylene/1-octene copolymer/PA6 [29], and more recently neat and 
nucleated PS/iPP blends [3].  
DSC data are commonly used, under the assumption that each droplet gives an 
identical contribution to the crystallization enthalpy, thus resulting in the equality 
between N/N0 and (1-H(t)/HTOT), where HTOT  is the final crystallization enthalpy 
at the adopted crystallization temperature. Therefore, plotting the natural logarithm of 
(1-H(t)/HTOT) versus time, a straight line is commonly obtained, the slope of which 
gives access to the constant k. In the case of particularly polydisperse systems, a 
certain curvature can be appreciated [30], since larger droplets will solidify before 
smaller ones, giving rise to a more complex and time-dependent kinetics. In the case 
of PA6 blends [28, 29], the first-order kinetics has been associated with the 
occurrence of homogeneous nucleation. For the case of waterborne iPP 
microemulsions, both surface and volume-based nucleation equations could fit the 
obtained kinetic data appropriately  [30], however, in light of the explored 
crystallization temperature range, we can probably attribute the mechanism to 
homogeneous nucleation (see later section 3.2). More recently, Wang et al. 
demonstrated that a first-order kinetics can also be associated with heterogeneously 
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nucleated droplets [3] (see section 3.1). 
It is worth to discuss the effect of immiscible blend morphology on the overall 
crystallization kinetics. In general terms, the isothermal crystallization can be 
described by the Avrami equation: 
 





with Vc being the relative volumetric transformed fraction, t0 the induction time, n the 
Avrami index and k the overall crystallization rate constant, which contains 
contributions from both nucleation and growth [31]. Müller et al. [31-34] proposed 
that Avrami exponent depends on two terms, nn, which is the term associated to 
nucleation, and ngd, which is related to growth dimensionality as: 
 
 𝑛 = 𝑛𝑛 + 𝑛𝑔𝑑 (8) 
 
Following the conventional Avrami analysis, nucleation can be instantaneous 
or sporadic, and nn will be respectively 0 or 1. The term ngd takes values from 1 to 3 
depending on if the crystal growth occurs in 1, 2 or 3 dimensions, respectively. For n 
equal to 1, the Avrami equation is equivalent to a first-order kinetics (Equation (6)). A 
typical case of n=1 can be obtained for isolated numerous clean droplets, when the 
nucleation is the slow step of the kinetics because the growth is so fast (due to the 
small size of the droplets) that ngd can be approximated to 0. The kinetics in this case 
only depends on the possible values of nn (0 for instantaneous nucleation and 1 for 
sporadic nucleation). The typical case of n = 1 (first-order kinetics) arises because 
nucleation is usually sporadic in confined microdomains and growth is too fast to 
influence the kinetics.  
A clear difference in the Avrami kinetics between dispersed and co-continuous 
phases in immiscible blends, as a consequence of the distinct nucleation mechanism, 
was shown by Córdova et al. [27], and is displayed in Figure 6. The system studied is 
constituted by a reactively compatibilized PE/PA6 blends. Careful tuning of the 
functionalized polyethylene weight fraction and extrusion conditions allowed the 
production of samples with different morphology, despite the very close composition. 
In particular, both sub-micron dispersion of polyamide droplets in the PE matrix and 
 17 




Figure 6. Selected examples of the evolution of the relative crystallization enthalpies as a function of 
time upon isothermal crystallization of the polyamide phase of immiscible PE/PA blends with either 
dispersed phase (left) or co-continuous (right) morphology. The induction time is subtracted. Red lines 
represent the fit to the Avrami equation (equation (6)). The insets are representative TEM images of the 
blend morphologies. Adapted with permission from ref. [27]. 
 
 
The evolution of the normalized crystallization enthalpy in the two cases, 
together with the corresponding fit to the Avrami equation, is shown in Figure 6. We 
note that the induction time is subtracted, and that the conversion range chosen for the 
fitting is between 3 and 20 %, as recommended for the correct application of the 
Avrami equation [31]. The obtained values of the Avrami index, n, are also reported 
in the Figure. For the dispersed phase morphology an exponent close to 1 is found, 
while the co-continuous blend presents a value of 3 [27]. The first-order kinetics in 
sub-micron droplets indicates sporadic nucleation, either surface-induced or 
homogeneous, and that each isolated microdomain crystallizes independently and 
randomly in time. On the contrary, the Avrami exponent equal to 3 in the case of co-
continuous morphology can be understood as the result of the “spreading” of the 
nucleation events between the interconnected regions of the polyamide phase. In other 
words, once nucleation occurs at one point, crystal growth can proceed unimpededly 
within the percolated domains and the contribution of growth is now an important 





























1000 nm 200 nm
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2.1.2. Breakup of multilayer films and nanofibers  
Fractionated crystallization also occurs in multilayer films, after thermal 
breakup of nanolayered films in order to form polymer nanodroplets. The coextrusion 
process to fabricate multilayer films, combining two or more polymers as 
alternatively layered structures, was reviewed by Langhe and Ponting [35]. Since the 
multilayer films are constructed by a “forced” assembly process, the layered 
structures are intrinsically not stable. A schematic showing the mechanism of 
multilayer film breakup and droplet formation during thermal treatment is shown in 
Figure 7, including hole formation, hole growth, droplet formation and coalescence 
[36]. This approach has been applied by Hiltner and Baer [53] to investigate confined 
crystallization or fractionated crystallization of PP [4,37-42], PEO [43-47], PCL [47], 
HDPE [43,49], PC [50], PA6 [51], and PVDF [52], and the relevant references are 
summarized in Table 2.    
 
 
Figure 7. (A) Coextruded multilayer films including alternative layers of polymer A and B, where 
polymer A and B are the minor and major phases, respectively. During the heating process, polymer A 
breaks up by the effect of temperature and forms droplets dispersed in polymer B. (B) Schematic 
showing the mechanism of multilayer film breakup and droplet formation during thermal treatment. 
Adapted with permission from ref. [36]. 
 
According to Bernal-Lara et al. [43], changing the number of alternated layers 
can vary the individual polymer layer thickness, which is directly related to the final 
droplet size distribution. As an example, HDPE/PS multilayer films with different 




HDPE droplets created through thermal breakup during heating. For HDPE 
nanolayers with thickness larger than 120 nm (droplet diameter about 2 m), all the 
HDPE droplets heterogeneously nucleated at around 115 C. Reducing the layer 
thickness to 20 nm resulted in fractionated crystallization of HDPE droplets where 
two clear exothermic peaks appeared at 115 (peak A) and 80 C (peak B), 
respectively. However, all the HDPE droplets crystallized exclusively at 78 C when 
the layer thickness was further reduced to 10 nm (droplet diameter about 140 nm). 
 
 














10/90 120 - 81/116 
[43] 
5/95 120 - 81/117 
5/95 60 - 81/116 
10/90 40 550 81/115 
10/90 30 - 80/115 
5/95 20 - 80/116 
5/95 10 140 78/116 
HDPE/PS 
(high pressure) 
10/90 120 6.4 81.5/118 
[49] 10/90 40 1.86 80.5/116 
5/95 14 0.53 78/116 
iPP/PS 
257 layers 
10/90 12 30 40/60 [38] 
iPP/PS/NAs (%) 
10/90/0.1 12 200 40/60 
[39] 
10/90/0.3 12 200 40/60 
10/90/0.4 12 200 40/70 
10/90/0.5 12 200 40/70 
10/90/0.6 12 200 70/81.4 
10/90/1.0 12 200 70/94.3 
10/90/1.5 12 200 118.3 
10/90/2.0 12 200 125.8 
iPP/PS 
257 layers 




12 100-1000 40 
[4] 
20 8000-10000 40/64 
40 8000-10000 40/64/90 




12 100-800 37/85 
[4] 
20 6000-8000 37/85 
40 6000-8000 85 




12 200 40/60 
[41] 
20 2000 40/60/85 
40 2000-8000 40/60/85 
200 6000-8000 60/85/102 
PEO/PS 
9 layers 
30/70 21000 - 44 [47] 
 20 
257 layers 50/50 1000 - 44 
[54] 
257 layers 30/70 300 - 42 
1025 layers 30/70 75 - 40 
1025 layers 10/90 25 - 40 





Figure 8 (A) Schematic (left) of the thermal breakup of 12 nm iPP nanolayers containing Irganox 
particles, which are excluded from the droplets during the process. DSC cooling scans (right) of iPP 
nanolayers with different concentrations of Irganox after thermal breakup at high temperatures. (B) 
Schematic (left) of the thermal breakup of 200 nm iPP nanolayers containing Irganox particles, which 
are encapsulated in the droplets. DSC cooling scans (right) of iPP nanolayers with different 
concentrations of Irganox after thermal breakup at high temperatures. In both cases, the cooling rate is 
10 C/min. Adapted with permission from ref. [4]. 
 
Fractionated crystallization in multilayer iPP/PS films with iPP layer thickness 
varying from 20-200 nm was also observed [4]. In order to elucidate the nature of 
heterogeneous nuclei associated to the various exothermic peaks, a commonly used 
antioxidant, Irganox, was added to iPP/PS multilayer films with compositions up to 
1.0 % during the coextrusion process. For 12 nm iPP nanolayers containing Irganox 
(Figure 8A), the crystallization exotherms at large undercooling, ascribed to 
















































homogeneous nucleation, did not change significantly for all the samples, suggesting 
that Irganox particles were excluded from the iPP droplets due to the droplets size 
being smaller than the size of Irganox particles. However, iPP droplets obtained from 
200 nm iPP nanolayers with relatively larger diameters showed fractionated 
crystallization with two exothermic peaks centered at 112 and 90 C, as shown in 
Figure 8B. With increasing the Irganox concentration, the intensity of 112 C peak 
(peak A) increased at the expense of the intensity of 90 C peak (peak B). The results 
of these elegant experiments indicated that the high temperature fractionated 
crystallization peak of iPP droplets could be ascribed to Irganox or some other similar 
antioxidants. An analogous approach was applied to prove that catalyst residues were 
responsible for the fractionated crystallization peak at around 90 C. 
Immiscible polymer blends can be used to prepare nanofibers by 
electrospinning and a novel method to investigate fractionated crystallization in 
semicrystalline polymers is utilizing thermal breakup of electrospun fibers to obtain 
polymeric nanodroplets [55]. As-spun polymer blend fibers usually display co-
continuous morphology and break into nanodroplets through thermal annealing at 
temperatures above the Tg of the matrix due to Plateau-Rayleigh instability.  
 
 
Figure 9 (A) SEM and (B) TEM of as-spun PEO/PS (30/70, wt %) blend fibers. TEM micrographs of 
P4tBS-coated PS/PEO blend fibers annealed at different temperatures for 15 min: (C) 85 C, (D) 105 
C, and (E) 150 C, respectively. For SEM and TEM observations, microtomed thin sections were 
sputter-coated with gold before being embedded into epoxy. Adapted with permission from ref. [56]. 
 
As an example, fractionated crystallization in electrospun PEO/PS (30/70, wt. 
%) blend fibers was studied by Zhong [55,56] employing Rayleigh breakup at 
different annealing temperatures. In order to achieve a well-defined Rayleigh 
breakup, the polymer blends were coated with poly(4-tert-butyl styrene) (P4tBS) 
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possessing a high Tg. As can be seen in Figure 9, raw PEO/PS blend fibers are co-
continuous (A-B) and PEO nanodroplets (C-E) form through thermal breakup during 
heating. When the annealing temperature is below 95 C, the temperature is not 
enough to break the largest part of the electrospun fibers, therefore, the majority of 
PEO/PS blend will crystallize heterogeneously at around 40 C (Figure 10A). 
However, when the annealing temperature is above 125 C, PEO/PS blend fibers 
break into numerous nanodroplets and homogeneous/surface-induced nucleation at 
large undercooling dominates the overall crystallization, due to the lack of 
heterogeneities.  
To confirm the origin of fractionated crystallization peaks during cooling of 
PEO nanodroplets, Zhong [56] further investigated the isothermal crystallization 
kinetics of PEO/PS nanofibers by employing the Avrami equation. The results are 
shown in Figure 10B. The crystallinity of PEO was obtained as a function of 
crystallization time at different Tc. As a comparison, the crystallization kinetics of 
neat PEO was also studied, and the Avrami index around 3 at 53 C indicates a 3-D 
unconfined crystal growth after instantaneous nucleation. When P4tBS coated 
PEO/PS fibers were annealed at 85 C and then cooled down to crystallize at 48 C 
(near the higher fractionated Tc), the Avrami index decreased to 2.1, revealing a 2-D 
confined crystal growth after instantaneous nucleation in electrospun nanofibers. With 
increasing the annealing temperature to 150 C, numerous PEO droplets free of 
impurities are formed and the Avrami index is found to be around 1 at 0 or -10 C, 




Figure 10 (A) DSC cooling curves at 5 C/min of P4tBS-coated electrospun PS/PEO blend fibers after 
annealing at different temperatures for 15 min; (B) Avrami analysis of the isothermal crystallization 
data of P4tBS-coated PS/PEO blend fibers annealed at different temperatures. Adapted with permission 
from ref. [56]. 
 
The above-described technique has been successfully employed for other 
polymeric materials, such as PEO [57,58], PVDF [59,60], PBA [61], in order to 
investigate homogeneous/surface nucleation or fractionated crystallization, even 
without the addition of compatibilizers. 
 
2.1.3. Miscible blends  
Fractionated crystallization not only appears in immiscible blends, but can 
also be present in miscible blends, where no phase separation occurs but a different 
kind of confinement of one crystallizable component can arise. In order to observe 
fractionated crystallization in miscible blends, both the two polymers should be semi-
crystalline and have different ranges of crystallization temperatures (Tc). Moreover, 
the component that crystallizes at higher Tc must not nucleate the lower Tc 
component. Compared to immiscible blends, there are just few binary miscible blends 
showing fractionated crystallization, such as PEO/poly(butylene succinate) (PBS) 
[62-66], poly(butylene adipate) (PBA)/poly(vinylidene fluoride) (PVDF) [67,68], 
PBA/PBS [69], PEO/poly(3-hydroxybutyrate) (PHB) [70-73], PEO/ Poly(ethylene 
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As an example, fractionated crystallization in PBS/PEO blends studied by He 
et al. [62,63] is discussed. The DSC cooling curves of PBS/PEO blends with the 
indicated compositions are shown in Figure 11A. Up to a 60/40 composition, only a 
high-temperature exotherm is observed for PEO crystallization. Three fractionated 
exothermic peaks appear for the blend with the weight composition of 70/30. In this 
case, when PBS crystallizes first, the amorphous PEO chains are isolated within PBS 
interfibrillar/interlamellar regions. As a consequence, PEO domains will crystallize at 
much larger undercooling upon cooling, not being interconnected with each other and 
having partially lost heterogeneities, segregated by the crystallization of PBS. With 
further decreasing the content of PEO the degree of confinement is stronger and a 
single crystallization peak at very low temperature is observed for this polymer.  
Pan et al. [65] studied the effect of PBS crystallization temperature, Tc, PBS, on 
the fractionated crystallization of PEO. It should be noted from the comparison 
between Figure 11A and 11B that increasing Tc, PBS has a similar effect of increasing 
the PBS component concentration on the fractionated crystallization behavior of PEO. 
As such peak A gradually disappears in favor of peak B by raising the isothermal 
crystallization temperature of PBS (Figure 11B). It is evident that a higher Tc, PBS can 
facilitate the segregation of PEO chains within the interlamellar regions of PBS 
crystal. 
A scheme drawn by Weng and Qui [74] is shown in Figure 12A, to illustrate 
the confinement environment responsible for fractionated crystallization in miscible 
blends. After the completion of high Tc component crystallization, if the majority of 
amorphous low Tc component is segregated within the interlamellar region of high Tc 
component, the low Tc component will crystallize at much larger undercooling 
compared to the bulk case, and only one exothermic peak appears. However, when 
the confined spaces are interconnected and most of low Tc polymer is located within 




Figure 11 DSC cooling scans of (A) PBS/PEO blends with different compositions and (B) PBS/PEO 
blend (60/40, wt %) after the isothermal crystallization of PBS at different temperatures, Tc, PBS. Both 
the cooling rates are 10 C/min. Adapted with permission from refs. [63,65]. 
 
Furthermore, morphological evidence was provided by He et al. [64] to 
elucidate the origin of fractionated crystallization in miscible blends. PBS/PEO blend 
(50/50, wt %) was annealed at different Tc, PBS first for the completion of PBS 
crystallization and then followed by standard cooling for the crystallization of PEO. 
Afterwards, PEO crystals were etched by alcohol and SEM observation was 
performed. With Tc, PBS increasing from 80 C to 100 C, the PBS spherulitic 
“skeleton” changes from a highly branched and interconnected network to a 
predominantly cellular-like structure, where the confining geometry becomes more 
closed, regular and strict. Other morphological proofs were found by Wang et al. [75] 
in their study of PBS/PVDF blends. PBS crystallization within PVDF 
interfibrillar/interlamellar regions was directly visualized under PLOM.    


































































Figure 12 (A) Scheme showing fractionated crystallization within interlamellar (upper) or interfibrillar 
(bottom) regions, (red: high Tc component, blue: low Tc component); (B) SEM micrographs of 
PBS/PEO blends (50/50, wt %) after the crystallization of PBS at different Tc, PBS and the extraction of 
PEO crystal. The dashed rectangular areas in a1 - c1 are enlarged and shown in the bottom a2 - c2. 
Adapted with permission from refs. [64, 74]. 
 
For most of the binary crystalline miscible blends displaying fractionated 
crystallization, the two components usually possess very different Tc and only the low 
Tc component shows fractionated crystallization. An unusual fractionated 
crystallization behavior was observed by Weng and Qiu [74] in PES/PEO blends 
where both components showed fractionated crystallization at their lower content due 
to similar Tc.    
 
2.2. Block Copolymers 
Fractionated crystallization has also been observed in the crystallization of 
block copolymer microdomains. Diblock copolymers can exhibit a variety of 
morphologies depending on the segregation strength and on some key temperatures as 
will be explained in more detail in the next section. The crystallization of block 
copolymers has attracted much attention [33,76-89], and fractionated crystallization 
[33,78,79,84,86,90] has been reported for strongly segregated block copolymers, as 
A)
B) T = 80 ºCc,PBS T = 90 ºCc,PBS T = 100 ºCc,PBS
LowHigh Tc
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well as for weakly segregated or miscible block copolymers, some of the results 
reported in literature can be found in the following table (Table 3).  
In the case of block copolymers in the strong segregation regime, the 
crystallization occurs in a confined fashion within the MDs originated by phase 
segregation in the melt, e.g., lamellae, cylinders or spheres. If the number of MDs is 
much higher than the number of heterogeneities present in the bulk crystallizable 
phase (i.e., like in the precursor or equivalent homopolymer synthesized by identical 
procedures), heterogeneity free microdomains could be obtained [33,78,79,84]. 
Regarding weakly segregated or miscible copolymers, if the block copolymer is 
formed by two crystalline blocks, the crystalline superstructure of the block that 
crystallizes first (e.g., axialites or spherulites) will confine the crystallization process 
of the second block, that has to crystallize within the interlamellar regions of the 
previously crystallized block [33,78,79,84]. The effect of the architecture of the 
polymer chain in confined crystallization has been also studied in the literature 
[33,80,84]. Different chain topology, such as miktoarm star copolymers, can result in 
higher confinement than analogous linear copolymers. 
 









Tc (ºC) Reference 
PEG-b-PBS 







64.1/35.9 PEG 6 
PEG 17.8 
PBS 69.5 
51.96/48.04 PEG 6 
PEG 17.9 
PBS 71.1 









50/50 PEG 1 -26.3 
57/43 PEG 1 -1.7 
34/66 PEG 2 -34.7 
39/61 PEG 2 -32.1 
46/54 PEG 2 -7.2 
26/74 PEG 6 -26.4 
29/71 PEG 6 -26.2 
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35/65 PEG 6 17.9 
18/82 PEG 10 -30.5 
24/76 PEG 10 -26.0 




0/100   77.7 
[93] 
 











































radius 10.3 nm 
97.8 
E-b-MB 










27/73 62.7 (Mw) Cylinders 62 
27/73 87.9 (Mw) Cylinders 62 
100 19 (Mw)  95 
E/VCH 29/71 35.8 (Mw) Cylinders 62 
E-b-VCH 
18/82 27.4 E spheres 58 
[98] 
 





43/57 42.9 E-poor lamellae 83 
59/41 20 E-rich lamellae 84 
100/0 41  87 
E-b-SEB 14/86 35.1 E spheres 57 [99] 
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 14/86 45 E spheres 60  
14/86 63.7 E spheres 62 
14/86 73.8 E spheres 63 
25/75 69.8 E cylinders 63 























100/0 BD 24.4  85.1 
[101] 
 
79/21 BD 31  77.3 
53/47 BD 26.4 
Lamellae (d 16 
nm) 
74.3 
26/74 BD 26.4 




11/89 BD 27.6 








PE PE 25  85.2 
[102] 
 
E53S47 PE 27 Lamellae 74.4 
E26S74 PE 27 PE Cylinders 71.8, 56.5 
E11S89 PE 27 PE Spheres 
68.7, 55.6, 
46.6 
E54EP46 PE 29 Lamellae 66.2 
E29EP71 PE 29 Lamellae 65.7 
E12EP88 PE 28  45.2, 35.1 
P3HT-b-PE 
 







































































PCL-b-PE 51/49 27.8 
PCL layer 











51/49 (volume) 18 PE Lamellae 
PE 88.1 
PCL 36.4 




PCL 29  31.5 
[110,111] 
 
72/28 (Star) 31.6 Lamellae 29.9 
39/61 (Star) 61.8 Cylinders 17.2 
27/63 (Star) 109.1 Nanospheres - 
80/20 (Linear) 36 Cylinders 31.1 
41/59 (Linear) 73 Lamellae 27.7 
20/80 (Linear) 153  22.1 
PCL-b-PS 
 
38/62 47 ------ -45,  -4, 27 [112] 
 100/0   27 
 31 
PCL-b-PB 



















































0/100 0.7  - 
[116] 
 
0/100 2.5  21.4 
0/100 4.1  23.7 
100/0 4.4  98.5 
100/0 7.7  108.0 
100/0 8.9  105.3 








PLLA6PCL2 38.6 76.2 
PLLA7PCL2 36.3 77.8 
PLLA9PCL2 46.5 80.6 
PLLA6PCL0.5 16.4 92 
PLLA6PCL3 34.7 65.9 
PLLA/PCL/PLL
A 
50.6 Lamellae 13/80 
PLLA/PCL 5/5 30   
PEO-b-PCL 100/0 5  42.6 [117] 
 32 
84/16 6.65 
Miscible in the 
melt 
35.3  
82/18 7.24 36.4 












50/50 9.81 34.2 













7/93 55.8 PCL 29.4 
0/100 27.6  PCL 34.1 
PLLA-b-
PCL 







81/19 21  LA 102.8 




55/45 18  
LA 98.3 
CL 20.8 
44/56 25  
LA 91.8 
CL 23.2 
32/68 22  
LA 100.3 
CL 28.1 
10/90 24  
LA 86.8 
CL 32.5 
0/100 29  CL 32.2 
PLLA-b-
PEG 
































100/0 PB 25  87.1, 51.7 
[121] 
 
0/100 PEO 1  21.0 

































EO100   21 
[122-124] 
 
EO100 100  43 
C100 32  33.5 
S81EO19 18.5 PEO cylinders -40 
S39EO61 46 Phase segregated 39 









PEO1 1  21 
[125] 
 
PEO2 100  43 
PCL 37  35 
S81EO19 18.5 
Phase segregated 
in all cases 
-40 
S63EO16C21 24 PEO -42 
S46EO12C42 33 PEO -39 
 34 




S38EO10C52 39 PCL 26 





















PEO1   21 
[122-124] 
 
PEO100 100  43 
PE19 19  73.4 
B17I57EO26130 130 PEO cylinders 15, -21 
B11I70EO19120 120 











































S27B37C36 132 22,8, -44.1 
S35B15C50 150 20.7 
S27B15C58 219 18.9 
S33B06C61 207 23.1 
S20B15C65 219 21.8 
 35 
S09B14C77 181 21.8 








































S26B36C38 110 Lamellar-lamellar 
PCL 36.0 
-40.8 




S20B41C39 132 Lamellar-lamellar 
PCL 16.7 
-43.7 
















S23B21C56 103 Lamellar-lamellar 
PCL 31.2 
-39.6 




PS-b-PE-b- S35E15C50 150 PCL matrix E 63.7 [32] 
 36 
PCL PCL 27.7  

















cylinders of PCL 
and PE within PS 
matrix 






PS cylinders and 
PE crystallites 




S8EP71E21 121 56.8 
S14EP64E22 122 57.6 
S13EP57E30 112 59.8 
S33EP37E30 115 65.2 
PS-b-PI-b-
PCL 
PCL 100 82.3  31.6 [128] 








Domain size 10 
nm-50 nm 
T 201.4 B _ 
[129] 
 
34/66 29.7 T 224.8 B _ 
62/38 32.4 
T 185.7 B 
81.2 
75/25 41.1 








7 - 87.8 
[130] 
 18.65 (17) 81 - 87.3 
22.66 (15) 78 - 77.8 







0/100/0 18  146 
[131] 
 
50/0/50 12  114 
14/72/14 25 


































0/100/0 28.04 Lamellae 37 nm  119.5 
[133] 












11.6 Disordered melt  105 
21.5/57/21.5 
(volume) 
15.3 Lamellae 21.5 nm 103 
29/42/29 
(volume) 
19.1 Cylinders 103 
31.5/27/31.5 
(volume) 








Lamellae PE 92.1 
[135] 
 
55.4 % PS 
(volume) 
269.9 Lamellae 91.6 
76.9 % PS 
(volume) 















21/79 7.4 Bcc -19.3 
63/37 
B-E-B 










9.8 Bcc -18.8 
24/76 
B-E-B 
12.5 Bcc -21.0 
63/47 
E-B-E 

















 (vol ODMA) 
9  25 
[137] 
 61/39 (vol) 24.4 Lamellae 22 
82/18 (vol) 27.6 Cylinders 11 
 
 
In this section, the factors that affect the morphology of block copolymers will 
be briefly explained and the crystallization of several copolymers will be discussed. 
 
2.2.1. Morphology 
According to the Mean Field Theory, the morphology of diblock copolymers 
is determined by the segregation strength and the composition of the copolymer 
[33,76,78,138-142]. The segregation strength, 𝜒𝑁 , depends on the polymerization 
degree, N, and on the Flory Huggins interaction parameter between the blocks 
forming the copolymer, 𝜒. Furthermore, there are three transition temperatures that 
have to be considered. In the case of A-B copolymers containing a crystalline and an 
amorphous block, these three important transition temperatures are: (a) the order 
disorder transition temperature, TODT, (b) the crystallization temperature of the 
crystalline block, Tc, and (c) the glass transition temperature of the amorphous block, 
Tg. Figure 13 displays the different morphologies that can be obtained for AB and 
ABA block copolymers considering the segregation strength and the aforementioned 
transition temperatures.  
In the literature, the morphology of block copolymers has been extensively 
studied, according to these studies five different possible scenarios can be found, as 
shown in Figure 13.  
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1) Homogeneous melt, TODT < Tc > Tg. In diblock copolymers that form a 
homogeneous melt and in which the Tc of the crystalline block is higher than the Tg of 
the amorphous block, the microphase separation occurs by crystallization. In this case, 
usually a crystalline lamellar morphology is formed, in which layers of crystalline and 
amorphous block are alternated [92,93,95,100,119,143-146,147-152]. 
2) Weakly segregated systems (Low 𝜒𝑁 values), TODT > Tc > Tg. In this case, 
there is little morphological restriction for the crystallization process, which allows a 
break out from the ordered melt structure, therefore the crystallization determines the 
final structure, usually crystalline lamellae are formed, erasing the previous structure 
of the melt [95,96,102,114,118,143-146,153-164]. 
3) Medium segregated systems (medium 𝜒𝑁 values), TODT > Tc > Tg. For these 
block copolymers the final morphology (i.e., the morphology of the solidified sample) 
depends on the applied thermal procedure:  if the sample is cooled from the melt very 
fast, i.e., quenching, the morphology of the melt is maintained. Otherwise, the final 
morphology will be governed by the crystallization process [95,96,143-146,153-
157,165,166].  
4)  Strongly segregated systems (high 𝜒𝑁 values), TODT > Tc > Tg. When the 
segregation strength is strong, the phase segregated structure of the melt is preserved 
and the crystallization process is confined within the microdomains (MDs) formed in 
the melt, i.e., spheres, cylinders or lamellae. In this case, there is a soft confinement 
since the amorphous block is in the rubbery state (the same behaviour is observed for 
double crystalline diblock copolymers, when the first block crystallizes, while the 
second one is in the molten state) [95-97,107,108,121,157,158,167-177].   
5)  Strongly segregated systems (high 𝜒𝑁 values), TODT > Tg > Tc. The phase 
segregated structure of the melt is preserved, but in this case, the amorphous block is 
in the glassy state, therefore the crystallization process of the crystalline block occurs 
under hard confinement (the same behaviour is observed for double crystalline 
diblock copolymers, once the first block crystallizes, the second one crystallizes under 
hard confinement) [94,97,98,101,105,121,122,125,156,168,171-174,177-209]. 
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Figure 13. Morphology of AB and ABA block copolymers according to the segregation strength and 
the transition temperatures. 
 
The morphology of AB double crystalline diblock copolymers and ABC 
triblock terpolymers with one or more crystallisable block is more complex. In the 
case of the double crystalline diblock copolymers, the crystallization temperature of 
each block will determine the final morphology, in addition to the melt segregation 
strength, composition of the blocks and order-disorder transition temperature. 
Regarding ABC triblocks, the composition of the terpolymer, the melt segregation 
strength, which is influenced by three interaction parameters, and the block sequence 
[32,210], i.e., ABC, BCA or ACB, will be important in addition to the previously 




Strongly Segregated Block Copolymers 
Strongly segregated block copolymers are very interesting materials to study 
confined crystallization since in these copolymers the melt structure is preserved, and 
therefore the crystallization process is confined within the MDs formed in the melt. 
Depending on the composition of the copolymer, isolated MDs can be formed, and if 
the number of microdomains is much higher than the number of heterogeneities in the 
bulk polymer, heterogeneity free MDs can be obtained.  
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A-B amorphous-semicrystalline block copolymers have attracted large interest 
to study confined crystallization. The major advantages of those systems are the 
easiness to interpret the results since there is only one crystallisable block and the 
possibility to tune the degree of confinement by varying the length of the amorphous 
block (i.e., composition). Depending on the Tg of the amorphous block, in comparison 
with the crystallization temperature of the semicrystalline block, this block can be in 
the rubbery state or in the glassy state, and therefore crystallization will occur under a 
soft confinement or under a hard confinement. In the literature, a wide variety of 
block copolymers have been studied such as PE-b-PS [101], PB-b-PEO [121], PCL-b-
PS [188,189] or PE-b-PVCH [98]. In the following paragraphs, some of the results 
reported in the literature are discussed. 
Loo et al. studied polyethylene-b-poly(vinylcyclohexane) copolymers, in 
which PE crystallizes in a glassy matrix [98]. Varying the ethylene-vinylcyclohexane 
composition, they were able to obtain a wide range of morphologies: spheres, 
cylinders, gyroids or lamellae. The morphology of the copolymers was studied by 
SAXS experiments as well as TEM micrographs. In Figure 14, the SAXS data 
obtained at room temperature (RT) and at 160 ºC, at which the copolymer is in the 
molten state can be observed for a copolymer forming spheres (Figure 14A) and 
lamellae (Figure 14B). Analysing the data obtained at room temperature and at 160 
ºC, the authors concluded that the melt morphology is preserved after the 
crystallization of PE block, since the data corresponding to room temperature show 
one peak at low q values that corresponds to the melt morphology and additional 
higher order peaks appear for the different copolymers studied.  
In Figure 14C, the half-crystallization times obtained during isothermal 
crystallization at different temperatures are shown. E/VCH 5/22, in which the 
polyethylene block forms spheres, and E/VCH 6/25, in which the polyethylene forms 
cylinders, show a first order overall crystallization kinetics. The slope of this plot 
indicates the relationship between the overall crystallization rate and the temperature. 
In the case of E/VCH 5/22 and E/VCH 6/25, the growth of crystals is limited due to 
the size of the polyethylene domain, thus growth is instantaneous and the slope of the 
plot exclusively represents the dependence of the nucleation rate on temperature. 
Considering that the values of the slope of those copolymers (E/VCH 5/22 2.6/ºC and 
E/VC 6/25 2.2/ºC) are similar to values reported for supposedly homogeneously 
nucleated PE by droplet experiments (3.5/ºC), the authors conclude that the 
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polyethylene block nucleates homogeneously in these copolymers. However, this type 
of first order kinetics can also be observed in surface nucleated materials [33]. 
Therefore, as previously discussed, observing a first order overall kinetics is not a 
proof of homogeneous nucleation. In fact, several studies have shown that 
polyethylene homogeneous nucleation has not been obtained so far [211], since the 
polymer tends to nucleate at the interphase, in the case of block copolymers, or at the 
surface with the external medium, in the case of isolated droplets [212] or infiltrated 
materials within AAO templates [211]. 
Another strategy to check if clean MDs are obtained is to estimate the number 
of MDs per volume in the copolymer and compare this value with the number of 
heterogeneities in the bulk sample. According to the estimations of Loo et al., 
hydrogenated polybutadiene (precursor for the block copolymers) contains 
approximately 109 impurities per cm3. The number of MDs in the E/VCH 5/22 
sample, which forms spheres, is 9 x 1016 microdomains per cm3 and 2 x 1015 
microdomains per cm3 in the case of E/VCH 6/25, in which cylinders are formed. The 
number of microdomains is 6-7 order of magnitude higher than the number of 
impurities, therefore there is a high number of microdomains that are statistically 
clean; in those microdomains the nucleation process can proceed only by surface 
nucleation or homogeneous nucleation. 
On the other hand, E/VCH 8/13 copolymer which forms gyroids show a 
sigmoidal kinetics, which reflects the connectivity of ethylene block in this kind of 
morphology. 
In the case of E/VCH 12/8, which has a lamellar morphology, a double 
exotherm is observed in the DSC when cooling from the melt, which indicates the 
presence of fractionated crystallization. The peak at high temperatures corresponds to 
the crystallization of connected lamellae, whereas the peak at low temperatures 
corresponds to isolated lamellae. Isothermal crystallization was performed 
considering each crystallization step. In the case of the isothermal crystallization 
corresponding to high crystallization temperature peak (low undercooling) a 
sigmoidal kinetic is obtained (see Figure 14C) which reflects the connectivity of the 
lamellae by grain boundaries or defects. However, when the isothermal crystallization 
of the low crystallization temperature peak is analysed a first order kinetics is 
obtained, this corresponds to the isolated lamellae. For this process, a slope of 2.9/ºC 
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is obtained which reflects a similar character as that obtained before and attributed by 
the authors to homogenous nucleation. 
In Figure 14D, the Avrami exponent as a function of ethylene content is 
shown. Copolymers forming spheres and cylinders show an Avrami index equal to 1, 
indicating that nucleation determines the kinetics. For the lamellar morphology, in the 
case of the crystals formed at low crystallization temperature, the Avrami index is 1, 
this value corresponds to the isolated lamellae. 
 
 
Figure 14. SAXS data obtained at room temperature and 160ºC for copolymers in the molten state: (A) 
E/VCH 5/22 (PE spheres) and (B) E/VCH 19/24 (lamellae). (C) Half-crystallization time of different 
copolymers as a function of crystallization temperature. (D) Avrami index of the different copolymers 
as a function of ethylene content. Adapted with permission from ref. [98]. 
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First order crystallization kinetics is obtained for different copolymer 
morphologies, according to the authors because the extent of crystal growth is 
governed by the size of the microdomain and crystal growth occurs instantaneously. 
Thus, the overall crystallization rate reflects only nucleation rate and this depends 
only on the microdomains´ volume or surface. 
Lorenzo et al. have studied PE-b-PS copolymers, those copolymers were 
obtained by the hydrogenation of anionically polymerized polybutadiene-b-
polystyrene copolymers [101,102]. In all cases, the molecular weight of hydrogenated 
high 1,4 polybutadiene (denoted PE, as it is a linear polyethylene with a small 
amount, i.e., 10% of ethyl branches coming from the residual 1,2 PB units), as well as 
1,2 residual polybutadiene units within the PE block in the diblock copolymers were 
maintained constant. Varying the polystyrene content in the copolymer different 
morphologies were obtained: spheres, cylinders or lamellae.  
In Figure 15A, the DSC curves obtained by cooling from the melt are shown 
for PE and a series of copolymers. In the case of neat PE, two exotherms are 
observed, one at 85 ºC that results from the crystallization of most of the material 
after being nucleated by type A heterogeneities (i.e., highly active heterogeneities 
present in bulk PE capable of nucleating the material at low undercoolings) and 
another small exotherm at 51ºC which results from the intramolecular fractionation of 
branches [101].  
In the case of the E79S21
41 copolymer (where the subscripts indicate the NMR 
determined weight ratio and the superscript the Mn value of the copolymer in kg/mol), 
in which the PS block forms cylinders, and also in the case of the E53S47
51 copolymer, 
which has a lamellar morphology, two exotherms are observed in Figure 15A. The 
first one due to the crystallization after nucleation on type A heterogeneities and the 
second one at about 50 ºC that results from the crystallization of short sequences of 
the PE block produced by intramolecular fractionation. These copolymers show 
similar behaviour to neat PE because the PE block is forming either the matrix 
(E79S21
41) or percolated lamellae (E53S47
51). As can be seen in Figure 15B, the 
crystallization temperature, due to the crystallization after type A heterogeneities 
induced nucleation, is reduced when the PS block is incorporated in the diblock 
copolymer, even though the PE block is forming the matrix (E79S21
41). This reduction 
of Tc results from a limited confinement effect caused by the covalently bonded 
glassy PS block cylinders dispersed in the PE block matrix.  
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When the PE block is the minor component in the copolymer (E26S74
105 and 
E11S89
244), several endotherms are observed, i.e., fractionated crystallization occurs. 
This phenomenon could be caused by the presence of different types of 
heterogeneities in each microdomain, which are activated at different undercoolings, 
or by the presence of isolated and percolated MDs which have different nucleation 
processes. Lorenzo et al. discarded that fractionation occurs due to the presence of 
MDs of different sizes, since the copolymers were synthesized anionically, obtaining 
MDs with a narrow distribution in size. From the TEM images, the number of MDs 
were estimated, obtaining 1012 cm-3 for E26S74
105 copolymer in which the PE block is 
forming cylinders in a PS matrix and 1015 cm-3 for E11S89
244 copolymer, in which the 
PE block forms spheres. The number of microdomains is several orders of magnitude 
higher than the number of heterogeneities present in the bulk PE sample, i.e., 
approximately 109 cm-3. 
The E26S74
105 copolymer (in which PE cylinders are formed in a PS matrix) 
shows two main exotherms, one originated by type A heterogeneities nucleation 
followed by crystallization at 72 ºC and the other at lower temperatures 56ºC, which 
is termed B. This B crystallization process probably occurs due to the presence of 
type B heterogeneities, that are less active than type A heterogeneities, since the 
undercooling needed to crystallize the sample is higher. According to Lorenzo et al., 
type B heterogeneities could be Wilkinson catalysts remaining particles that were 
used to hydrogenate the samples, even though the sample was purified. 
Finally, the E26S74
105 copolymer (with PE spheres in a PS matrix) shows three 
exotherms. Exotherm A crystals were nucleated by the most active, type A 
heterogeneities, exotherm B by the less active type B heterogeneities, and exotherm C 
at about 47 ºC is probably due to the crystallization of a small sphere population being 
nucleated by a very weak heterogeneity or by surface nucleation. Considering that the 
Tc value is one of the lowest Tc reported in the literature for PE, but it is higher than 
the Tg of PE, the authors concluded that this nucleation process is due to surface (or 
interfacial) nucleation or a nucleation at the surface of the clean spheres, just at the 
border of the interphase between the PE block and the PS block. 
In Figure 15C the Avrami index as a function of ethylene content is shown for 
PE-b-PS copolymers and ethylene-b-ethylene-alt-propylene (E-b-EP) copolymers. 
Considering that PE-b-PS copolymers are strongly segregated whereas PE-b-PEP are 
miscible [102]; in this figure, the effect of morphology and dilution can be compared. 
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The Avrami index reflects the nucleation process and the dimensions of the crystal 
growth. For neat PE, a value around 3 is obtained for the different isothermal 
crystallization temperatures employed, as could be expected for a polymer that forms 




Figure 15. (A) DSC cooling scans from the melt for neat PE (hydrogenated high 1,4 polybutadiene) 
and a series of PE-b-PS copolymers. (B) Crystallization temperature of the different exotherms as a 
function of ethylene content and their interpretation. (C) Avrami index for PE, PE-b-PS and PE-b-PEP 
copolymers as a function of PE content. (D) Final DSC heating scans obtained after applying SSA 
thermal fractionation to PE and PE-b-PS copolymers. The arrows indicate the glass transition 




When the PE content is reduced, a decrease in the Avrami index is observed 
for both copolymer families due to topological restrictions. In the case of PE-b-PS 
copolymer, this restriction results from the confinement effect imposed by the 
morphology, whereas in the case of PE-b-PEP, the restrictions are caused by the 
dilution effect of the PEP block. The lowest Avrami index (i.e., very close to n = 1) is 
obtained for E11S89
244 copolymer, in which the PE block forms spheres. As discussed 
previously, this indicates that the rate-determining step is the nucleation process 
rather than crystal growth.  
Lorenzo et al. applied the Successive Self-nucleation and Annealing (SSA) 
thermal fractionation technique to neat PE and PE-b-PS copolymers [101]. The SSA 
technique applies a well-designed thermal protocol consisting in heating and cooling 
cycles that produced thermal fractions by the differentiating the crystallizability of 
polymer chains possessing different crystallisable sequence lengths [213-216]. This 
technique is especially sensitive to short-chain branching in polyethylene chains, as 
branches do not enter the crystal lattice and represent defects that divide the chains 
into crystallisable methylene sequences. These crystallisable segments of different 
lengths undergo molecular segregation during crystallization and can form lamellar 
crystals of different thicknesses, which are stabilized by sequential annealing steps. 
As the neat PE is really a model hydrogenated polybutadiene, prepared by anionic PB 
polymerization followed by hydrogenation, this material is ideal for performing SSA 
studies [101].  
In Figure 15D the final heating scans of SSA fractionated PE and PE-b-PS can 
be observed. Neat PE shows six melting peaks that correspond to six different 
lamellae populations, each one characterized by a distinct melting point. The highest 
melting temperature corresponds to the thickest lamellar population, that are formed 
by the longest methylene sequence length. In the case of copolymers, the melting 
trace changes significantly. Increasing the PS content, the melting peak corresponding 
to fraction 1 (the highest melting temperature fraction) is reduced and eventually 
disappears completely for the copolymer with the lowest PE content. For this 
copolymer, the most important melting peak corresponds to fraction 4. These results 
reflect the restriction of the diffusion of PE chains imposed by PS block and the 
confinement due to the morphology hindering the formation of thicker lamellae 
during annealing. These restrictions are more severe as the PE content in the 
copolymer is reduced. 
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Nakagawa et al. analysed the effect of the junction between the blocks in 
poly(-caprolactone)-b-polystyrene, PCL-b-PS, that contain a photocleavable o-
nitrobenzyl group in between the two block constituents [188]. This strongly 
segregated copolymer forms PCL nanocylinders at the studied compositions. The o-
nitrobenzyl group can be cleaved by UV light irradiation. Once this occurs, no 
junctions will remain between PCL and PS blocks (PCL/PS) but the cylinder 
morphology will be preserved, see scheme in Figure 16.   
In Figure 16A, the melting temperature as a function of cylinder diameter is 
shown. The blue arrow indicates the Tm of PCL homopolymer in bulk. The PCL 
confined inside the cylinders shows a lower Tm than bulk PCL; reducing the diameter 
of the cylinder a decrease of more than 10 ºC is observed in the melting temperature. 
The melting temperature is related to the thickness of the lamellae, so according to 
these results the thickness is limited by the diameter of the cylinder. Confinement 
induces this decrease in crystalline lamellar size (and Tm) in a similar way to the 
results shown in Figure 15D for PE MDs explained above. The PCL homopolymer 
confined in nanocylinders shows a slightly higher melting temperature than in the 
PCL-b-PS copolymer, which indicates that the block covalent junction also 
contributes to the confined crystallization.  
In Figure 16B the crystallinity degree of PCL as a function of cylinder 
diameter is shown. The PCL/PS and PCL-b-PS show a lower crystallinity degree than 
PCL in bulk due to confinement. The crystallinity does not change significantly with 
the cylinder diameter, only for the smallest diameter a significant reduction of 
crystallinity can be found. According to Nakagawa et al. the crystallinity degree 
depends on the orientation of the crystals which is dominated by the crystallization 
mechanism [188].  
The half-crystallization time is plotted versus the crystallization temperature in 
Figure 16C. It can be observed that the samples with the longest half-crystallization 
time are the ones with the smallest cylinder diameter. Increasing the size of the 
diameter a reduction of the half-crystallization time is observed. In the case of 
PCL/PS with diameters of 14.9 nm and 17.9 nm, very similar values are obtained. If 
the PCL/PS and the PCL-b-PS system are compared, at low cylinder diameters, the 
crystallization is slower for PCL-b-PS, implying that the block junction restricts the 
mobility of the chains. However, for the sample with a cylinder diameter of 17.9 nm, 
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the crystallization occurs faster for the block copolymer than for PCL/PS, which 
indicates that in this case, the junction accelerates the nucleation process. 
A more detailed study has been performed with this kind of system analysing 
among others, the effect of chain tethering to nanolamellae interfaces in the 
crystallization process, as well as in the orientation of the crystals [189-192]. In 
addition, the effect of the chain mobility in the crystallization process has been 
investigated, studying PCL-b-PS copolymers with different bulky end groups as PCL 
chain ends [190]. The crystallinity degree, the melting temperature and crystallization 
rate were decreased when the molecular weight of the bulky group is increased due to 
the reduction of the mobility of the chain. However, comparing PCL chains with 
bulky groups with the standard PCL, the crystallization rate was higher for the PCL 
with bulky groups. This was explained by speculating that bulky end groups could 
enhance PCL nucleation by reducing chain mobility. 
 
 
Figure 16. A scheme of PCL-PS copolymers and PCL/PS system is shown on the top. (A) Melting 
temperature as a function of cylinder diameter for PCL/PS and PCL-b-PS. The blue arrow indicates the 
Tm of PCL homopolymer in bulk. (B) Crystallinity degree as a function of cylinder diameter. The blue 
arrow indicates the crystallinity degree of PCL homopolymer in bulk. (C) Half-crystallization time as a 
function of crystallization temperature for PCL/PS 1 system (diameter of the cylinder 13.0 nm), 
PCL/PS 2 (14.9 nm) and PCL/PS 3 (17.9 nm). Adapted with permission from ref. [188]. 
 
Several copolymers containing PEO as the crystallisable block have been 
studied in literature by Müller and coworkers [121,210,217,218]. Figure 17A presents 
a selection of DSC scans of different PEO containing copolymers and a similar 






















































































molecular weight PEO homopolymer. The PEO homopolymer crystallizes around 43 
ºC in an exotherm labelled A in Figure 17A. The crystallization occurs after the 
nucleation caused by type A heterogeneities, as usual in bulk homopolymers. In the 
case of PS-b-PEO copolymers, which are strongly segregated, the PEO block within 
the S39EO61
46 copolymer (with a lamellar morphology) crystallizes at 39 ºC, i.e., at a 
temperature similar to the Tc value for PEO homopolymer. The Tc is slightly lower for 
the copolymer in comparison with the homopolymer, this decrease could result from 
the lower molecular weight of the PEO block in the copolymer (Mn=28 kg/mol) in 
comparison with the molecular weight of the PEO homopolymer (Mn=100 kg/mol). In 
this copolymer PEO is the major component so heterogeneous nucleation similar to 
the bulk polymer is expected, as in copolymers with lamellar morphologies, the 
lamellae are typically percolated by defects.  
In the case of the S81EO19
19 copolymer, in which PEO block form cylinders in 
a PS matrix, the crystallization peak is shifted to -40 ºC (peak D). It should be 
considered that in this case, the PEO block crystallizes at temperatures that are lower 
than the Tg of the PS block, therefore the PS matrix is glassy when the PEO cylinders 
crystallize upon cooling from the melt under hard confinement. The crystallization of 
PEO is quite close to its Tg, -58 ºC, therefore homogenous nucleation is probably 
occurring in this case. For this copolymer 1014 cylinders/cm3 are estimated from TEM 
micrographs, whereas in a bulk PEO only 106 nuclei/cm3 are present. The number of 
MDs is 8 orders of magnitude higher than the number of heterogeneities. All 
nanocylinders can be considered statistically clean, a fact that explains the 
crystallization of all PEO MDs at the lowest possible undercooling by homogeneous 
nucleation. 
PEO-b-PB copolymers, which are strongly segregated, were also investigated 
by Castillo et al. [121], and in this case, the non-crystallisable block (PB) is in the 
rubbery state when PEO block crystallizes and PEO forms mostly spheres at the 
studied compositions, although some cylinders were also observed. The 
crystallization of the PEO block occurs under soft confinement. The B81EO19
34 
copolymer shows an exotherm at 46 ºC which corresponds to crystallization after 
nucleation by the most efficient type A heterogeneities. A second exotherm appears at 
8.2 ºC which corresponds to the MDs that contain a less active type B heterogeneities 
or percolated spheres and/or cylinders. Finally, a third exotherm is observed at -27 ºC. 
Given the high supercooling at which the PEO block crystallization occurs, this could 
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arise from surface or homogeneous nucleation. Considering that the Tg of PEO is 
between -50 and -60 ºC and that a lower Tc has been reported in the case of PS-b-PEO 
copolymers, as discussed above, it is possible that in this case, exotherm C 
corresponds to crystallization of a certain MDs population that nucleated at the 
surface (or interface with PB block matrix). In the case of B89EO11
102 copolymer, only 
nanospheres of PEO are formed inside a rubbery PB matrix. As expected by the 
increased confinement degree provoked by reducing the PEO content in the 
copolymer, exotherm A disappears and only a tiny B exotherm and a large C 
exotherm are detected. 
In Figure 17B, the crystallization temperature of the PEO block as a function 
of composition has been plotted for the different copolymers considered. The 
homopolymer and some of the copolymers show a crystallization temperature at about 
35-50 ºC due to the crystallization after nucleation by type A heterogeneities, and the 
differences are mainly due to molecular weight variations. The crystallization 
temperature at about -10 ºC occurs due to the presence of type B heterogeneities 
which are less active, this is the case of PB-b-PEO copolymers. Finally, at higher 
supercoolings, a crystallization exotherm peak at -27 ºC is observed (peak C) for PB-
b-PEO which corresponds to surface nucleation, whereas for PS-b-PEO copolymers, 
the crystallization temperature is even lower, -40 ºC (peak D); in this case it 







Figure 17. (A) DSC cooling scans from the melt for PEO homopolymer, PS-b-PEO copolymers, and 
PB-b-PEO copolymers. (B) Crystallization temperature of the different systems analysed as a function 
of PEO content in the copolymers. Adapted with permission from ref. [121,122]. 
 
 
The study of crystallization has been extended to more complex copolymers. 
ABA [131,132,134,178,186,192,219-228] as well as ABC 
[32,123,125,210,217,218,229-232] triblock terpolymers have been investigated with 
one or more crystalline blocks such as PB-b-PI-b-PEO [123,124], PE-b-PS-b-PEO 
[210], PS-b-PE-b-PCL [32, 229], PS-b-PEO-b-PCL [125,217] among others. The 
effect of the composition on the crystallization process, the appearance of fractionated 
crystallization and in some cases homogeneous nucleation, have been studied, as well 




Miscible or Weakly Segregated Block Copolymers that exhibit fractionated 
crystallization 
Miscible or weakly segregated block copolymers have also been studied. In 
this kind of system, if the crystallization processes of both blocks are separated, the 
block that crystallizes first when cooling from the melt templates the crystallization of 
the second block. Therefore, the crystallization of the second block can be confined to 
the interlamellar regions of the block that crystallizes first. Several copolymers have 







































































































been studied, among others, PLLA-b-PCL [118,148,162,233], PEG-b-PLLA [234], 
poly(-caprolactone-b--caprolactam) [149] and hPN-b-LPE [100]. 
Castillo et al. studied PLLA-b-PCL double crystalline diblock copolymers 
[118]. These copolymers are partially miscible, when cooling from the melt the PLLA 
block crystallizes first, and at lower temperatures the PCL block crystallizes in the 
interlamellar regions of PLLA. In Figure 18 the crystallization and melting 
temperatures of the PCL block as a function of PLLA content are shown. For PLLA 
contents lower than 45% a linear reduction of Tm as well as Tc is observed with the 
increment in PLLA content. For L60-b-CL40 copolymer, two PCL crystallization 
temperatures are observed, which indicates a fractionated crystallization process. This 
fractionation results from the confinement effect of PLLA lamellas; PCL chains 
confined in the interlamellar regions of PLLA contain less active heterogeneities than 
in bulk which results in lower Tc values. L81C19
21 copolymer shows a really low 
crystallization temperature, -45 ºC. This temperature is close to the glass transition 
temperature of PCL, about -60 ºC, therefore it can be considered that in this 
copolymer homogeneous nucleation occurs. It should be taken into account that the Tg 
of PLLA is reduced by decreasing PLLA content. For the copolymer rich in PCL, the 
crystallization of the PCL block occurs when PLLA is in the rubbery state, since the 
Tg of the PLLA block is below the crystallization of the PCL block. However, for 
copolymers rich in PLLA, the crystallization of PCL occurs at lower temperatures 
than the Tg of PLLA, in other words, when the PLLA block is in the glassy state. 
Therefore, for copolymers rich in PLLA, in addition to the confinement of the 
interlamellar region of previously crystallized PLLA, there is a restriction given by 
PLLA amorphous chains which are in the glassy state.  For copolymers with a content 
of PCL lower than 7% by weight the PCL block was not able to crystallize. 
In the case of the melting temperature of the PCL block a similar behaviour 
can be observed although in this case the reduction is much less significant in 
comparison with the decrease observed in the crystallization temperature (note the 
two different scales in Figure 18). For neat PCL a Tm around 58 ºC is observed and 
this Tm value is reduced with the decrease of PCL content obtaining a value of 44 ºC 
for the L81CL19 copolymer. The differences between Tc and Tm are expected, based on 




Figure 18. Crystallization and melting temperature of PCL block in PLLA-b-PCL partially miscible 
copolymers. Adapted with permission from ref. [118]. 
 
More recently triblock terpolymers formed by PEO, PCL and PLLA have been 
studied in literature by several authors [235,236], although studies about triblock 
copolymers with three crystalline blocks are scarce. Palacios et al. studied PEO-b-
PCL-b-PLLA copolymers [232,237,238], the absence of any SAXS reflection in the 
melt state as well as the estimation of the segregation strength lead to the conclusion 
that the terpolymers under study were miscible in the melt [232].  During cooling the 
first block that crystalizes is PLLA, and the crystalline structure formed by PLLA 
templates the crystallization of PEO and PCL blocks. However, fractionated 
crystallization is not easily detected in the studied compositions in view of the 
multiple crystallization of the constituent blocks. 
 
Effect of Chain Architecture 
The effect of chain architecture in the crystallization of copolymers has been 
studied employing star [110,111,239-242], graft [243-245], brush [246-248], dendritic 
[249], comb [135,250] or H shaped [251,252] copolymers. These kinds of systems are 
very interesting, since in those copolymers confinement can be induced by the 
composition of the block copolymer as well as by the chain topology, because both 
parameters affect the final morphology of the copolymer. Different copolymers have 










































been investigated, such as miktoarm star (PCL2)-b-(PS2) [110], star copolymers PS-b-
PEO-b-PCL [240], star PDMS(PCL)2 [239] and alternating polymer co-brushes of 
PEO and PCL [248]. 
Lorenzo et al. studied the effect of the chain topology (or chain architecture, 
linear versus miktoarm stars) on the crystallization of PCL-b-PS copolymers 
[110,111]. For that purpose, 4-miktoarm star block (PCL2)-b-(PS2) copolymers were 
studied and the results were compared with linear PCL-b-PS copolymers. According 
to the SAXS results, the copolymers are segregated in the melt. The morphology of 
the copolymers was investigated by TEM observing that miktoarms and linear 
copolymers of similar composition have different morphology. 
The inverse of the half-crystallization time as a function of PCL composition 
is shown in Figure 19A for the different copolymers. Reducing the content of PCL in 
the copolymer causes a reduction in the crystallization temperatures needed to 
crystallize the copolymer. In other words, decreasing PCL content higher 
supercoolings are needed for crystallization. If the miktoarm star copolymer and the 
linear one are compared, higher supercoolings are needed to crystallize the miktoarm 
stars due to the higher confinement of star copolymers in comparison with analogous 
linear ones. The differences become more significant when reducing the PCL content, 
i.e., increasing the confinement effect. The difference between the two types of 
copolymers in the supercooling is as high as 35 ºC for the copolymer with the lowest 
PCL content, which reflects the higher confinement degree in the miktoarm star 
copolymer in comparison with the linear copolymer. 
In Figure 19B, the Avrami index as a function of PCL content is shown. For 
each composition, several data points are plotted that were obtained at different 
crystallization temperatures. For copolymers rich in PCL there is an increase in 
Avrami index with crystallization temperature. Considering that the growth 
dimensionality is constant, this result can be explained by a change in nucleation 
mechanism, from instantaneous to sporadic. For copolymers with low PCL content, 
this effect is not very significant.  
Reducing the PCL content in the copolymer, Figure 19B shows a decrease in 
the Avrami index for both, miktoarm star and linear copolymers, as a result of the 
increase in the degree of confinement. If both types of copolymers are compared, it 
can be observed that the miktoarm stars have lower Avrami index than the linear 
copolymers, this results from the different morphology of the copolymers, caused by 
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the chain architecture influence, which in turns increases the confinement degree for 
the miktoarm star copolymers. Furthermore, when similar morphologies are compared 
(having different composition) the miktoarm star copolymers show lower Avrami 
index than the linear ones, because the confinement is stronger in star copolymers. In 
the case of the miktoarm star copolymer with the lowest PCL content, Avrami 
indexes that could be approximated to one (i.e., 1.2-1.4) are obtained, which could 
indicate a surface or homogeneous nucleation. 
The energy barrier associated with the overall crystallization is proportional to 
the 𝐾𝑔
𝜏 term in the Lauritzen and Hoffman equation, which considers both nucleation 

















  the inverse of the half-crystallization time, 𝐺0
𝜏 the growth rate, U* 
the activation energy for chain diffusion. R is the gas constant, Tc the isothermal 
crystallization temperature, 𝑇∞ the temperature where chain mobility ceases, ∆𝑇 the 
supercooling, f a temperature correction term and 𝐾𝑔
𝜏  the energy barrier associated 




Figure 19. (A) The inverse of the half-crystallization time as a function of crystallization temperature, 
the lines correspond to Lauritzen Hoffman fittings. (B) Avrami index of linear and miktoarm star 
copolymers as a function of PCL content. (C) 𝐾𝑔
𝜏 values as a function of PCL content for the different 
copolymers studied. Adapted with permission from ref. [111]. 
 
 
Figure 19 shows how the 𝐾𝑔
𝜏 values depend on the composition. It can be seen 
that the miktoarm star copolymers display higher 𝐾𝑔
𝜏  values than the linear 
copolymers. This indicates that the energy barrier for overall crystallization (including 
nucleation and growth) is higher for the miktoarm star copolymers, confirming that 
there is a higher degree of confinement in miktoarm copolymers that hinders the 
nucleation and growth process in comparison with linear copolymers.  If the effect of 































































































































PCL content is analysed for both linear and miktoarm star copolymers, it can be 
observed the 𝐾𝑔
𝜏  values increase with the reduction of the PCL content in the 
copolymers, because the confinement increases. 
 
2.3. Polymers infiltrated in AAO templates  
Since the successful preparation of well-ordered Anodic Aluminum Oxide 
Templates (AAO) by Masuda and Fukuda [253], there has been growing interest in 
the crystallization of polymers inside the pores [90,254-257]. 
 
 
Figure 20. SEM micrographs of AAO templates with different pore diameters (nm) and lengths (μm): 
(A) 250 nm/80 μm (top view), (B) 350 nm/80 μm (top view), (C) 250 nm/80 μm (lateral view), (D) 140 
nm/25 μm (top view), (E) 60 nm/25 μm (top view), and (F) 140 nm/25 μm (lateral view) [258]. 
 
Geometrically, the AAO pores are similar to the cylinder phase of block 
copolymers but they are more physically isolated and there is no chemical bond at the 
interface. The diameter of the AAO pore is between 15 and ~ 400 nm and the length 
is tens to 100 μm. The typical surface morphology of the AAO is shown in Figure 20 
displaying its uniform, hexagonally packed pores. 
Fractionated crystallization was reported in various polymers infiltrated into 
AAO templates, including polyethylene (PE) [259], syndiotactic polystyrene (sPS) 
[260], isotactic polypropylene (iPP) [261, 262], polybutene-1 (PB-1) [263], poly(ε-
caprolactone) (PCL) [258,264], poly(ethylene oxide) (PEO) [265,266], 
Poly(vinylidene fluoride) (PVDF) [267], and  copolymer such as PEO-b-PCL [268] 




Figure 21. DSC cooling curves of monodisperse linear PE in the AAO with the diameters of 15-110 
nm and in bulk. The cooling rate was 10 ºC/min [259]. 
 
Woo et al. [259] studied the crystallization of a monodispersed PE within 
AAO templates. The DSC cooling curves are plotted in Figure 21. The bulk PE 
crystallized at 116 ºC (peak A). Within 110 nm templates, the Tc dropped to 80 ºC 
(peak B). With decreasing pore diameter, the Tc slightly decreased. Another broad 
peak appeared at ~80-110 ºC for 48 nm AAO. This higher Tc shifted towards lower 
temperatures with decreasing AAO diameter. This observation was interpreted by a 
transition from bulk heterogeneous to homogeneous nucleation for the 110 nm and 62 
nm samples. Surprisingly, it was proposed that the nucleation mechanism changed 
back to heterogeneous nucleation for samples with smaller pores. No further 
interpretation was given on where the heterogeneities originated. 
Fractionated crystallization of iPP was reported by Duran et al. [261]. The 
DSC cooling curves are plotted in Figure 22. The bulk iPP crystallized at 108.8 ºC 
(peak A). For infiltrated iPP within 380 nm AAO, the major peak shifted to a slightly 
lower temperature (103.1 ºC, peak B) and a small peak appeared at 73.1 ºC (peak C). 
For the samples with 60 nm and 35 nm, three peaks are visible. Two of them located 
at temperatures near the bulk Tc. The highest Tc was interpreted as due to the residual 































iPP on the surface. The middle peak was proposed to be initiated by heterogeneous 
nucleation. The lowest Tc (peak D) was explained by crystallization from 
homogeneous nuclei. Reid et al. observed two exothermic peaks in infiltrated iPP 




Figure 22. DSC cooling curves of bulk and infiltrated iPP within AAO with different pore sizes. The 
cooling rate was 10ºC/min [261]. 
 
Typical fractionated crystallization behavior of PCL was reported by Suzuki 
and coworkers, where a surface cleaning step was mentioned  [264]. As shown in 
Figure 23, the bulk PCL shows a single Tc at 32 ºC (peak A). Two or three exothermic 
peaks (Peak B, C and D) were observed for the infiltrated PCL samples. Similarly, the 
lowest exothermic peak (peak E) was assigned to homogeneous nucleation. The other 
peaks were interpreted as originating from “heterogeneous nucleation” of a different 
kind with respect to that of the bulk crystallization, because the number of pores is 
several orders of magnitude larger than the density of heterogeneities in the sample. It 
was hypothesized that the unusual heterogeneous nucleation was initiated from the 
pore walls.  






































The majority of studies have shown that the PEO exhibits a single exothermic 
peak during cooling when confined within AAO [211,270-273]. However, 
fractionated crystallization of PEO inside AAO was also reported occasionally. 
Suzuki et al. [265] observed a cooling rate dependent fractionated crystallization 
behavior for PEO inside 200 nm pores. Fast cooling suppressed the exothermic peaks 




Figure 23. DSC cooling curves of bulk and infiltrated PCL within AAO with pore diameters ranging 
from 200 nm to 25 nm [264]. 
 
 
The sample information, AAO parameters, and Tc for the polymers with 
fractionated crystallization are summarized in Table 4. The key question to 
understand the phenomenon is the origin of the high-temperature exothermic peaks. 
Three possible origins can be envisaged: (1) nucleation due to the heterogeneities in 
the bulk polymer; (2) nucleation on the AAO walls; (3) percolation from possible 
surface layers. The first possible origin will be discussed in the next section in detail. 
Since the density of the heterogeneities of the bulk polymer is several orders of 
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magnitude smaller than the density of AAO pores, statistically the heterogeneities in 
the bulk sample are negligible for the crystallization of polymers inside the pores. 
Nucleation by the AAO wall cannot explain the fact that in many cases only one 
exothermic peak is observable for the smallest AAO pores which have the largest 
surface/volume ratio. The influence of surface layer on the fractionated crystallization 
behavior was studied first by Michell et al. [84], where the remaining interconnecting 
surface PEO layer caused an extra exothermic peak at high temperatures (33 ºC). 
Similar observations were obtained by Suzuki et al. [274]: the surface layer makes 
fractionated crystallization more obvious. 
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41 96 / 77 














380 103.1 / 73.1 
180 108.5 / 99 / 72.4 
65 111 / 104 / 43 












[264] 200 21 / 6 
65 34 / 22 / 10.4 / -17 
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35 20 / 6 / -34 

















[266] 89 5 / -17 








a: weight-average molecular weight. 
b: polydispersity index = Mw/Mn. 
 
The question remains regarding the link between the surface layer and 
fractionated crystallization features, as a surface cleaning step was carried out in 
many of the studies. Shi et al. [275] reexamined the crystallization of PCL and iPP 
inside AAO with a particular focus on the surface cleaning procedure, including blade 
scratching, mechanical polishing, and solvent cleaning. With proper cleaning 
measures, all the infiltrated PCL and iPP samples exhibited a single exothermic peak 
during cooling (Figure 24). By controlling the surface cleaning procedure, and 
producing a “partial cleaning”, similar fractionated crystallization behavior of the 
same polymer in the previous studies [258,261-262,264] can be reproduced. This 
proved that the surface residue is the reason for the observed fractionated 
crystallization behavior in infiltrated iPP and PCL. The importance of clean surface 
was emphasized because the presence of surface layer may influence many aspects of 
crystallization including the nucleation, crystallization kinetics, and crystal orientation. 
The influence of surface layer on crystal orientation has been discussed by Steinhart 
et al. [276] 
As discussed in the previous sections, the crystallization kinetics of polymers 
within droplets or phase-separated domains of block copolymers generally exhibits a 
“first-order” kinetics or “nucleation-dominated” kinetics, manifesting itself by an 
Avrami index (n) of 1. The reason is that, in small volumes, compared to the time 
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needed for nucleation, the time needed to fill the space is negligible. The isothermal 
crystallization kinetics of polymers within AAO has been investigated in PE 
[259,277], iPP [261,262], PEO [84,270,273], sPP [278], and PVDF [279]. The results 
are summarized in Table 5. The general observation is a reduction in the Avrami 
index. The n values of PE dropped from 2.4 (bulk) to 1.5 ~ 1.9 upon confinement in 
AAO with a diameter ranging from 15 to 100 nm. Similarly, n dropped from 3 ~ 4 for 
bulk iPP to 1.75 ~ 2.5 for confined iPP [261]. Those n values are still meaningfully 
higher than 1. Since n = nn + ngd, the n ≈ 2 was interpreted by sporadic nucleation and 
1-dimensional crystal growth along the AAO nanocylinders. [261,277] The n values 
of sPP exhibited a continuous change from 3 to 0.7 depending on the degree of 
supercooling, whereas confinement showed a minor effect. [278] An abnormal 
observation was reported in PVDF where the n values were essentially the same for 
bulk PVDF and infiltrated sample in 400 nm AAO [279]. Among all the studies, first-





Figure 24. DSC cooling curves of bulk and infiltrated iPP (A) and PCL (B) within AAO with pore 
















































































































25 ~ 380 102 ~ 118 1.75 ~ 2.5 yes 
241 
bulk 132 2.2 - 
[262] 




Bulk 80~100 1.5 ~ 3.2 
168.7 
- 
[278] 300 70 ~100 0.8 ~ 2.2 no 








400 143 ~ 151 2.48 ~ 3.07 no 
PEO 
100 











bulk 50.5 ~ 54 2.0-2.2 - 
[84] 
35, 60 -8 ~ 1.0 0.7 ~1.4 no 
10.5 
PDI: 1.05 
100 -12 ~ -4 0.5 ~ 1 no [273] 
a: Tiso: isothermal crystallization temperature. 
b: equilibrium melting temperature. 
c: This means whether the sample show fractionated crystallization during non-isothermal condition. 
 
To better understand the results, the n values of different polymers are plotted 
as a function of supercooling (ΔT) in Figure 25. It is clear that infiltrated PE and iPP 
lay in the region of n ~ 2, while PEO is located in the n ~ 1 region. Interestingly, it 
occurs that fractionated crystallization is observed in PE and iPP and not in PEO. 
Another clear observation is that the ΔT of bulk PE, iPP, and sPP is very close to their 
infiltrated samples. However, a temperature gap of ~ 70 ºC exists for PEO. The issue 
of surface layer might be once again invoked to explain the results. Intuitively, if 
there is a surface layer that crystallizes at low supercoolings, the kinetics will be very 
different from that of the sample that has to nucleate inside the pores. For example, 
the nn may change from 1 to 0 because the nucleation is instantaneous in the surface 
layer. The growth dimension may change from 1 to 2 if we consider that surface 
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spreading of the crystals is the rate-limiting step for crystallization.  
One question arises when examining the different n values: is the 1-
dimensional geometry compatible with the first-order kinetics? Or under what 
condition the growth dimension becomes important? First-order kinetics implies that 
the time needed for growth is negligible as compared to the nucleation. Hence, if the 
nucleation rate increases or the growth rate decreases, the ngd has to be considered. Su 
et al. [273] applied a simple numerical model and showed clearly a transition from n 
= 1 to n = 2 when the growth rate inside the pore decreased. The n values of sPP show 
this trend, however more experimental evidence is still needed. 
 
 
Figure 25. Avrami index of polymer within AAO. The bulk polymer is plotted as filled symbols and 
the infiltrated sample is plotted as hollow symbols. The data were taken from ref. [259] for PE, ref. 
[261] (blue circle) and [262] (blue diamond) for iPP, ref. [84] (red star), [270] (red up triangle) and 
[273](red pentagon) for PEO, ref. [278] (pink left triangle) for sPP. 
 
 
2.4. Nanocomposites  
It is well known that the addition of nanofillers endows polymer materials 
with superior properties and makes them attractive for industrial applications. The 
interfacial and spatial effects introduced by nanofillers are believed to be the main 
reasons for the reinforcement mechanism of the polymer nanocomposites (PNCs). 
The interfacial and spatial confinement effects originate from the polymer-
nanoparticle interaction and the restricted space between/among nanoparticles, 
































respectively. Meanwhile, the crystallization behavior of the polymer matrix is 




Figure 26. DSC cooling scans of 1.1K-PEO/SiO2 (A), 2K-PEO/SiO2 (B), 35K-PEO/SiO2 (C), and 
95K-PEO/SiO2 (D) composites with various φSiO2. For clarity, the heat flow of PEO/SiO2 composite 
with φSiO2>95 wt % was multiplied by a factor. 
 
For the PNCs with low nanofiller contents, generally, the nanofillers may act 
as a nucleating agent, whereas they may exert confinement on crystallization at high 
contents. The crystallization behavior including nucleation mechanism, Tc, Tm, 
crystallinity (Xc), crystal orientation and crystallization rate are significantly altered 


















-40 -20 0 20 40 60































































-40 -20 0 20 40 60



































































-45 -30 -15 0 15 30 45

















































-50 -40 -30 -20 -10 0 10 20 30
A)
-30 -10 10 30































































crystallization of polymers confined by nanofillers has become a hot research topic 
for both scientific and industrial communities in the last two decades [281-300]. 
Interestingly, fractionated crystallization behavior has been observed in 
PEO/silica (SiO2) [301-303] and PE/SiO2 [304] at very high loadings of SiO2. Unlike 
the dispersed system in the above sections (droplets, block copolymers, templates), 
the fractionated crystallization of nanocomposites is more complicated due to the 
strong impact of the interfacial effect, nanoparticle size and the molecular weight of 
polymer matrix. 
Zhao et al. systematically investigated the effect of SiO2 nanoparticles on the 
crystallization behavior of PEO nanocomposites considering the size and 
concentration of SiO2 as well as the molecular weight (Mn) of PEO in the composites 
[301,302]. First, the PEO/SiO2 nanocomposites with silica size of 110 nm and PEO of 
different Mn were investigated. Only when the Mn of PEO ranges from 1100 g/mol to 
35000 g/mol, do the nanocomposites at silica content (φSiO2) higher than 91 wt % 
exhibit fractionated crystallization with two crystallization exotherms upon cooling 
from the melt (Figure 26). The high crystallization peak (peak A) at 0 –50 °C is 
assigned to the crystallization of bulk PEO., And the low crystallization peak (peak B) 
at –20 to –30 °C is attributed to the crystallization of loosely bound PEO chains 
(loops and tails) on SiO2 surface. The large supercooling (T~70 °C) necessary for 
the crystallization of bound PEO chains is caused by their very restricted mobility at 
the interface  [301]. At a constant φSiO2, the percentage of crystallization enthalpies of 
peak B shows an increasing trend with the increase of Mn as shown in Figure 27A, 
indicating the fraction of loops and tails increases with Mn. Interestingly, the data 
shown in Figure 27B implies that TC 
B  is virtually independent of Mn. Moreover, TC 
B
 
is quite close to the glass transition temperature (Tg) of PEO under confinement (–50 
~ –30 °C) [301,305]. Ding et al. also reported a very weak low-temperature 
crystallization peak (-30 °C) which appeared at a low percentage of PEO, resulting 
from the PEO chains interacting with the silica surface [303]. Similar low 
crystallization temperatures were also found in PEO confined within block 




Figure 27. (A) The proportion of the peak B area against PEO Mn (The proportion of the peak B area is 
estimated by dividing the crystallization enthalpies under LCP (HCB) by the total crystallization 
enthalpies under both the peak B and peak A (HCB + HCA). (B) Variation of the crystallization 
temperature of LCP (TCB) with φSiO2 and Mn of PEO. The dashed line is a guide for the eye. 
 
Focusing on the PEO with a fixed molecular weight (Mn = 20000 g/mol) and 
SiO2 with different sizes (75, 130, 290 and 520 nm), the fractionated crystallization 
occurs with φSiO2 in the range of 85–97 wt %. As shown in Figure 28, the TCB 
of the 
PEO decreases and the proportion of the peak B area increases gradually with 
increasing φSiO2, implying an enhanced confinement effect on PEO crystallization. 
Furthermore, the smaller nanoparticles with larger specific surface areas can also 
exert stronger suppression on the crystallization behavior of PEO, and thus the TCB 
of 
PEO decreases at the same φSiO2. The effect of nanoparticle size on the crystallization 
of PEO/SiO2 nanocomposites has also been discussed by Ding et al. [303] and 
Papananou et al. [297]. It is also found that the degree of suppression of PEO 









































































Figure 28. (A) Variation of the low crystallization temperature (TCB) with the SiO2 sizes and ratios. (B) 
The proportions of the peak B area against the SiO2 content. The proportion of the peak B area can be 
estimated by dividing the crystallization enthalpies under the peak B ((HCB) by the total crystallization 
enthalpies under both of the peak B and peak A (HCB + HCA). 
 
The high loading of nanofiller could affect the non-isothermal crystallization 
kinetics in PEO/SiO2 [302] and HDPE/carbon nanotube (CNT) [80] nanocomposites, 
in which the fractionated crystallization was not found in the latter case. A decrease of 
Xc with φfiller is observed and Xc reaches 10 % or even zero when the content of CNT 
or SiO2 is higher than 10 % or 95 %, respectively, as shown in Figure 29A. A similar 
case was shown by Chrissopoulou et al. [297,306]. The Xc is nearly constant for 
PEO/SiO2 and PEO/layered sodium montmorillonite (Na
+-MMT) nanocomposites 
with low filler content and it begins to decrease above a certain concentration (10-30 
vol% SiO2 depending on the size of nanoparticles or 10 vol% Na
+-MMT). The 
formation of a “filler network” at higher filler loading significantly suppresses the 
crystallization of the polymer. 
The isothermal crystallization kinetics was analyzed by the Avrami equation 
in PEO/SiO2 and HDPE/CNT composites. The Avrami index or exponent n exhibits a 
decreasing trend from 3 to 1 with increasing filler content as shown in Figure 29B. It 
is known that n strongly depends on both the mechanism of nucleation and crystal 
growth. For the unbound polymer (peak A), the value of n is always larger than 1, 
indicating heterogeneous nucleation of spherulitic structures. In the case of the 
loosely bound polymer (peak B), a percolated network is expected and the interaction 
of PEO with the SiO2 surface creates stronger confinement effect, which possibly 
gives rise to sporadic nucleation (nn = 1) controlled crystallization mechanism. As 
previously discussed, such low n values with a first-order kinetics, other than in 
























































PEO/SiO2 and HDPE/CNT, were also observed in systems such as polymer droplets 
[307], AAO templates [270], and spherical microdomains of block copolymers [121]. 
 
 
Figure 29. (A) The crystallinity (Xc) and (B) Avrami index (n) as a function of filler content in the 
nanocomposites of PEO/SiO2 and HDPE/carbon nanotube. 
 
In the fractionated crystallization DSC cooling scans, peak B is characterized 
by Tc ≈ −30 °C (i.e., close to the Tg of PEO) and the Avrami index values of 1 or even 
0.5, indicating that restricted PEO chains are being nucleated homogeneously. 
However, peak A with lower supercooling is due to heterogeneous nucleation. 
Dalnoki-Veress et al. have pointed out that homogeneous nucleation mechanism does 
not depend on the molecular weight or chain length and the formation of a nucleus is 
only influenced by its immediate surroundings [308,309]. This probably accounts for 
the independence of TCB  on Mn (Figure 26B). 
3. Understanding of fractionated crystallization 
3.1. Lack of sufficiently active heterogeneities 
The fractionated crystallization phenomenon has been explained based on the 
absence of sufficiently active heterogeneities in every MD [33,78,84,90]. Fractionated 
crystallization is observed when the number of MDs is of the same order of 
magnitude or slightly larger than the number of heterogeneities present in the bulk 
polymer. When the number of MDs is exceedingly high, i.e., several orders of 
magnitude higher than the number of heterogeneities in the bulk polymer, the polymer 










































































































chains inside the MDs usually nucleate at the surface of the MDs (surface nucleation) 
or inside their volume (i.e., homogeneous nucleation). This means that blends with 
micron size droplets usually display fractionated crystallization (with several 
exotherms) while in block copolymer with nanospheres of the crystallizable phase, 
the polymer tends to crystallize in a single exotherm at very high supercoolings, either 
by surface or homogeneous nucleation. 
Fractionated crystallization has been observed when a polymeric material has 
been divided into a large number of MDs. Some of the MDs will have the most active 
heterogeneities (like the bulk polymer), other populations of MDs could have less 
active heterogeneities which need higher undercooling for crystallization, and finally 
some MDs will be clean (without heterogeneities), in which case the crystallization 
occurs via surface or homogeneous nucleation (see section 2.1, Figure 1) 
[33,78,84,90].  
One strategy to prove that fractionated crystallization (with several 
crystallization exotherms) arises from the lack of active heterogeneities in every MD, 
is to inject heterogeneities, and this can be done by self-nucleation [12, 15] or by 
adding nucleating agents [13, 39, 41]. 
The self-nucleation procedure [310-313] is a thermal protocol designed to 
produce an increase in nucleation density coming from the sample own self-nuclei. 
The first step is to prepare a sample with a standard crystalline history. This is done 
by cooling the sample from a relaxed isotropic melt (after having erased all thermal 
history) at a constant rate in a DSC (i.e., 10 or 20 ºC/min) down to a temperature 
below the crystallization temperature range at that specific cooling rate. The peak 
crystallization temperature during this cooling from an isotropic melt is the standard 
Tc value. 
Once a polymer with a standard thermal history is obtained, the sample is 
heated to a temperature denoted Ts, i.e., self-nucleation temperature, at which the 
sample is kept usually for 5 minutes. Depending on the value of this Ts temperature, 
different behaviours are observed by analysing the cooling scan from Ts and the 
subsequent heating.  
If Ts temperature is high enough to erase crystalline memory, an isotropic melt 
will be obtained, and the sample will be in the melting Domain or Domain I. In this 
case the crystallization temperature upon cooling from any temperature in Domain I 
will be the same as the standard crystallization temperature. The crystallization 
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temperature will in this case be determined by the pre-existing temperature resistant 
heterogeneities present in the bulk polymer under examination.  
When the Ts value is sufficient to melt most crystals but low enough to leave 
“self-nuclei” (without causing any annealing), then the sample is in Domain II. This 
can be detected by the increase in the crystallization temperature in comparison with 
the standard crystallization temperature. The nature of the self-seeds is controversial 
[313-329]. Our group has proposed a division of Domain II into two sub-Domains 
[325]. In sub-Domain IIb, the polymer is not completely molten, as Ts is insufficient 
to melt all crystals and small crystal fragments remain, this is the so-called self-
seeding sub-Domain or Domain IIb. Self-seeds or crystal fragments can act as 
epitaxially ideal nucleating agents for the polymer under consideration. The second 
sub-Domain, Domain IIa (or melt memory Domain) is located at higher Ts values, 
when all polymer crystals melt but some crystalline memory remains and still the 
crystallization temperature upon cooling from Domain IIa is higher than the standard 
crystallization temperature due to the increase in nucleation density caused by the 
created self-nuclei in Domain IIa. The nature of self-nuclei in Domain IIa is not 
known. It has been postulated that they can be regions in the melt where partial 
orientation of the chains remain, thanks to the survival of inter-segmental interactions 
that were present in the crystalline state [313,314, 325-329]. 
Finally, when the Ts temperature is too low to melt a substantial amount of the 
crystal population in the sample, annealing of the unmolten crystals occurs, which is 
reflected by the appearance of a second melting endotherm that corresponds to 
annealed crystals in the subsequent heating of the material. In this case, the sample is 
in Domain III or the self-nucleation and annealing Domain. 
In order to inject self-nuclei to all the MDs of a sample, the material must be 
heated to a Ts temperature corresponding to Domain II, to produce the self-nuclei that 
will nucleate and accelerate the overall crystallization process upon recrystallization 
[312]. With the aim of injecting the maximum number of nuclei the ideal Ts 
temperature is used, this is the lowest temperature within Domain II. Performing self-
nucleation at the ideal Ts guarantees the creation of the maximum number of self-
nuclei without annealing of any unmolten crystal fragments (i.e., self-seeds).  
As far as the authors are aware, Morales et al. were the first to employ self-
nucleation as a way to inject nuclei in a blend system where fractionated 
crystallization occurs [12]. They studied linear low density polyethylene 
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(LLDPE)/iPP blends, at compositions in which iPP droplets where dispersed in the 
LLDPE matrix. Their iPP homopolymer crystallized at 108.0 ºC whereas LLDPE 
crystallized at 101.4 ºC. However, when LLDPE 80/iPP 20 blend is cooled down 
from the isotropic melt (see Figure 30) a crystallization peak appeared at 102.1 ºC and 
a shoulder is observed at 86.0 ºC. Although only one crystallization peak is observed, 
during the subsequent heating two melting peaks are obtained, corresponding as 
expected to the two phases in the blend, iPP and LLDPE, indicating that both 
components were able to crystallize in the previous scan. Since iPP droplets 
crystallized at lower temperatures than in bulk, at 102.1 and 86.0 ºC, a fractionated 
crystallization must have occurred. Additionally, as the crystallization of iPP and 
LLDPE occurs at the same temperature, there is considerable overlap of their 
crystallization ranges, or the so-called coincident crystallization.  
Considering that in the case of this blend, there are 1011 iPP droplets/cm3 
whereas in bulk iPP there are 106 heterogeneities/cm3, fractionated crystallization 
could arise from the lack of heterogeneities. In order to prove this concept, Morales et 
al. applied a self-nucleation procedure to inject self-nuclei in every iPP droplet. Since 
the melting peaks of iPP and LLDPE lay at different temperatures, it is possible to 
apply self-nucleation to the iPP phase while LLDPE remains in the molten state. The 
sample was heated to a temperature corresponding to the ideal Ts temperature within 
Domain II of iPP, at this temperature iPP is self-nucleated, which results in an 
increase of crystallization temperature of iPP and thus, in a separation of the 
crystallization process of iPP and LLDPE. As can be seen in Figure 30, the LLDPE 
80/iPP 20 sample that was heated to Ts=162 ºC, shows two crystallization peaks, at 
about 135 ºC the one corresponding to self-nucleated iPP and the second peak at 110 
ºC that corresponds to LLDPE. The Tc of self-nucleated iPP in the blend is very 
similar to the one obtained with self-nucleated neat iPP. These results corroborate that 
the fractionated crystallization, which in this case turns into coincident crystallization, 
is a consequence of the lack of heterogeneities.  
Fractionated crystallization is also observed in iPP/PS blends. Arnal et al. 
observed four different crystallization peaks in a PS 80/iPP 20 blend, in which iPP is 
dispersed as droplets in a PS matrix [15]. In this case, there are 1011 iPP droplets/cm3 
and only 107 heterogeneities/cm3. According to Arnal et al. the formation of 4 
crystallization peaks is related to the number and types of heterogeneities. Bulk iPP 
crystallized at about 110 ºC nucleated by the presence of type A heterogeneities, 
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which are the most active ones. However, since in the blend there are more iPP 
droplets than heterogeneities some of the droplets will contain type A heterogeneities, 
while other droplets will contain less active heterogeneities such as type B or type C, 
which need higher supercoolings to crystallize, and finally some droplets will be 
statistically clean or free of heterogeneities. The clean droplets can undergo either 
surface or homogeneous nucleation. The exotherm labelled D in Figure 30 peaks at 
approximately 40 ºC, a temperature relatively close to the Tg of iPP (Tg=0 ºC), so it 
may be interpreted as homogeneous nucleation. A similar crystallization temperature 
has been reported by Duran et al. [261] for iPP in AAO templates proposing that this 
crystallization process is initiated by homogeneous nucleation.  
In order to prove that the fractionated crystallization of iPP droplets observed 
in Figure 30 is due to the lack of the most active heterogeneities (i.e., type A) in every 
MD, Arnal et al. applied a self-nucleation procedure to inject self-nuclei in each iPP 
droplet. Employing the ideal Ts, they observed that the blend crystallizes at about 138 
ºC, observing only one crystallization peak; this temperature is similar to the Tc of 
bulk self-nucleated iPP. Therefore, when enough nuclei are injected in the system, 
fractionated crystallization disappears, as the number of nuclei injected is enough to 




Figure 30. (A) DSC Cooling scan for self-nucleated iPP and self-nucleated and completely molten 
LLDPE 80/iPP 20 blend. (B) SEM image of PS 80/iPP 20 blend. (C) DSC cooling scan of iPP and PS 
80/iPP 20 cooling from an isotropic melt and after self-nucleation at ideal Ts. Adapted with permission 
from ref. [12,15]. 
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The self-nucleation procedure has been applied to block copolymers 
[92,101,107,124,217,218,229]. When the confinement degree is very high, Domain II 
disappears, which indicates that under confinement there are difficulties to inject 
nuclei. This is the case of the PE block in poly(styrene-b-ethylene-b-caprolactone) 
triblock copolymers (SEC) [229]. In Figure 31, the results corresponding to S35E15C50 
copolymer are shown. The DSC cooling scans from several Ts temperatures and the 
subsequent heating scans can be observed in Figure 31A and 31B.  
From the DSC cooling scans (Figure 31A), a slight shift of the main 
crystallization peak (labelled “a” in Figure 31A) to lower temperatures is observed for 
Ts temperatures lower than 90 ºC, and at much lower Ts values, a second exotherm 
appears at higher temperatures which is labelled “b”. In the DSC heating scans of 
Figure 31B, the appearance of a second melting peak at 89 ºC (highlighted with an 
arrow) indicates annealing of the unmolten crystals, however an increase of the “a” 
crystallization temperature was not observed at this Ts, thus solely annealing of the 
crystals occurs without self-nucleation at 89 ºC. If the Ts temperature is reduced even 
further, a second crystallization temperature (peak labelled “b”) is observed for 
Ts=87.5 ºC. This exotherm appears at higher temperatures, so it is the result of self-
nucleation. This behavior is completely different from that of neat PE, which shows 
the classical self-nucleation behavior: an increase of Tc when Ts is lowered, and at 
even lower Ts temperatures the appearance of a second melting peak which 
corresponds to the melting of annealed crystals. The crystallization temperatures of 
the block copolymer for different Ts values as well as the location in comparison with 




Figure 31. Self-nucleation behavior of the PE block within S35E15C50 copolymer. (A) DSC cooling and 
(B) heating scans, (C) crystallization temperature as a function of Ts and (D) transition temperature 
between domains on top of the standard melting endotherm.  Adapted with permission from ref. [229]. 
 
 
In summary, the neat PE precursor (hydrogenated 1,4 polybutadiene) of the 
S35E15C50 terpolymer shows the three classical self-nucleation Domains: DI, DII and 
DIII. However, analogous PE chains (with identical molecular weight and short chain 
branching content generated by the residual 1,2 PB content) but confined within the 
triblock terpolymer S35E15C50 (and with its two chain ends tethered to PS and PCL) 
show a peculiar self-nucleation behavior with the following Domains: DI, DIIIA and 
DIIISA. Domain II is absent as self-nucleation is never observed without annealing. 
This motivated the authors to denote new Domains as Domain IIIA, which is a 















































































































































































Domain where annealing is observed without self-nucleation; and Domain IIISA, 
which is identical to the usual Domain III, i.e., a self-nucleation and annealing 
Domain. 
The authors conclude that the “a” crystallization peak could correspond to PE 
chains that are close to the interface, and therefore are highly restricted or confined, 
and also to PE chains that are in the middle of the PE block, which are less restricted. 
Reducing the Ts temperature to 87.5 ºC, the chains that are in the middle of PE block 
are able to self-nucleate, since they are not so confined as the chains near the 
interface, generating the “b” exotherm.  
According to Balsamo et al. [229], confinement hinders the self-nucleation 
process of polymer chains. In this kind of system, in order to be able to inject nuclei, 
annealed crystals that are large enough have to be generated to observe self-
nucleation of the less confined chains. 
In order to analyze the effect of PE content in triblock terpolymers, on self-
nucleation behavior, hence on the confinement degree, in Figure 32, the highest Ts 
temperature at which self-nucleation occurs minus the highest temperature at which 
annealing occurs is shown as a function of PE content in the copolymer. Reducing the 
PE content, i.e., going in the plot from the right to the left, a reduction of this 
temperature interval is observed due to the increase in chain confinement. According 
to Balsamo et al., the metastability of the crystals can also affect the results by 
increasing the temperature at which annealing appears, since the crystal thickness 
depends on the undercooling and on the PE block content [229].  
It should be considered that S27E37C36, which has the highest PE content of the 
copolymers studied, shows the classical SN behavior with a Domain II temperature 
range of 2.5 ºC. In the case of S57E27C16, there is a direct transition from Domain I to 
Domain IIISA, in which self-nucleation and annealing occur, thus the TSN - Tannealing is 
equal to 0. However, in the case of the copolymers with 15% of PE, a negative value 
of TSN - Tannealing is obtained since in both cases, a reduction in Ts temperature causes 
the material to go from Domain I to Domain IIIA in which only annealing occurs, and 
then to Domain IIISA. 
In order to prove that confinement hinders self-nucleation, Balsamo et al. 
studied a cross-linked low density polyethylene, obtaining similar results to those 
with the block copolymer that contains 15% of PE [229]. In this case the confinement 
results from the covalent links between chains. 
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Figure 32.  Highest Ts temperature at which self-nucleation occurs minus highest Ts temperature at 
which annealing occurs for the different SEC copolymers. Modified from ref. [229]. 
 
 
The origin of fractionated crystallization is ascribed to the lack of efficient 
nuclei, and this hypothesis can also be verified by the addition of nucleating agents. 
[4,9,26,39,41,42] This strategy has been used with iPP and different PE matrices by 
Manaure et al. [13]. Figure 33 shows the DSC cooling scans of very low density 
polyethylene, VLDPE, iPP and some of their blends with a nucleating agent. In this 
case, sorbitol was added to the blend and to iPP, as it is a well-known nucleating 
agent for iPP. Neat iPP crystallizes at about 130 ºC showing a narrow peak, whereas 
VLDPE shows a peak at about 95 ºC and a broad shoulder. This broad shoulder could 
be due to the presence of short chain branches (SCB) that are heterogeneously 
distributed along the chain; during crystallization SCB provoke chain segregation. In 
the case of the unmixed blend (i.e., a superposition of the calorimetric behaviour of 
neat iPP and neat VLDPE), the separate crystallization of iPP and VLDPE is clearly 
observed, as expected. However, when iPP and VLDPE are melt mixed, the 
crystallization peak corresponding to iPP cannot be observed at the same supercooling 
as in neat iPP. A peak is observed at higher temperatures than the Tc of VLDPE, this 



























































peak corresponds to a fraction of iPP and to VDLPE, which is nucleated by iPP. The 
peak at lower temperatures corresponds to other iPP fractions as well as VLDPE 
fractions. Since iPP in the blend crystallizes at lower temperatures than in bulk, 
fractionated crystallization occurs. According to Manure et al., in this blend there are 
1012 iPP droplets/cm3 whereas only 106 heterogeneities/cm3 are observed for bulk iPP 
[13]. Therefore, this large difference in the number of iPP droplets and number of 
heterogeneities results in fractionated crystallization since the majority of the iPP 
droplets do not contain the most active heterogeneities. However, when sorbitol is 
added a crystallization peak at about 130 ºC appears, at a similar temperature to neat 
iPP/sorbitol blend, this indicates that with the addition of the nucleating agent, iPP is 
able to crystallize at higher temperatures since every iPP droplet has active 
heterogeneities. A broad peak is also observed which corresponds to VLDPE. 
Therefore, sorbitol is able to separate the crystallization process of iPP and VLDPE 
by injecting nuclei in iPP droplets. 
Manaure et al. performed rheological measurements to detect the 
crystallization process [13]. They carried out small amplitude oscillatory shear 
experiments in the linear viscoelastic regime. When the material is cooled from the 
melt, there is a gradual increase in the storage modulus of the melt, until the material 
starts to crystallize and then a sudden increase of the modulus is observed. When 
there are crystal fragments dispersed in the melt, the materials behave as a filled 
polymer. iPP/sorbitol crystallizes at the highest temperature (see Figure 33), followed 
by iPP, due to the presence of the nucleating agent that accelerates the crystallization. 
The crystallization process is marked by a sudden increase of the storage modulus. In 
the case of the blend, a progressive and unique increase can be observed at lower 
temperatures since in this case the crystallization of iPP and VLDPE are overlapped, 
as has been observed by DSC, obtaining a very similar result to neat VLDPE. 
However, in the case of the blend containing sorbitol, two increases in the storage 
modulus are observed: one at about 130 ºC that corresponds to the crystallization of 
iPP and the other at about 110 ºC that corresponds to the crystallization of VDLPE.  
This agrees with DSC results concluding that when sorbitol is added the 




Figure 33. (A) DSC cooling scans of iPP/VLDPE/sorbitol system and (B) storage modulus as a 
function of temperature for the same system. Adapted with permission from ref. [13]. 
 
 
Fractionated crystallization has been also investigated in PA6/PS blends by 
Mathot et al. [26,330]. With the addition of talc, the exothermic enthalpy of the higher 




Figure 34.  (A) DSC cooling scans of iPP micro-droplets obtained from thermal breakup of 12 nm iPP 
nanolayers with indicated concentration of DMBS; (B) crystallization peaks summarized from (A). 
























































































































In iPP nanolayers, after the thermal breakup and formation of droplets, the 
crystallization of iPP shifted to much larger undercoolings at around 40 C 
(homogeneous nucleation) and 60 C, as shown in Figure 34A (see also section 2.2). 
Jin et al. [39] added different concentrations of the soluble nucleating agent 1,3:2,4-
bis(3,4-dimethyl-benzylidene sorbitol) (DMBS) up to 2.0 wt % to the multilayer 
films. The DSC cooling curves of iPP droplets containing DMBS are shown in Figure 
34A while the corresponding crystallization peaks are summarized in Figure 34B. It 
can be seen that with increasing the concentration of DMBS from 0 to 0.5 %, the 
enthalpy of homogeneous nucleation exotherm centered at 40 C decreased, while on 
the opposite the enthalpy of 60 C peak increased due to the presence of the nucleant 
in the iPP droplets. Moreover, with further increase of DMBS concentration, a new 
crystallization peak appeared and shifted to higher temperatures with the 
concentration of nucleating agent. This behavior is attributed to an increased number 
of DMBS particles in each droplet, which augments the possibility of nucleation.  
The effect of a different kind of α form crystal nucleating agent (organic 
dicarboxylic acid salt), and a β form crystal nucleating agent (quinacridone quinone), 
as well as various additives and matrix substrates on the fractionated crystallization of 
iPP droplets, were also investigated by Baer et al. [4,39,42] 
 
 
Figure 35. Evolution of the crystalline volume fraction as a function of time for iPP droplets (A) self-
nucleated at Ts=160 C and (B) with NA-11 (0.25 wt %) The crystallization temperatures are indicated 
in the Figures [3]. 
 
 

















  = 130ºC






















Figure 36 (A) Avrami index of various iPP micro-droplets (self-nucleated, neat, and containing 
different NAs); (B) nucleation rates as a function of crystallization temperatures, according to classical 
heterogeneous nucleation theory, for iPP droplets containing different heterogeneities [3].  
 
Wang et al. [3] conducted further investigations of the crystallization kinetics 
of iPP droplets dispersed in PS matrix containing self-nuclei or nucleating agents 
(NAs), in order to quantitively evaluate the nucleation efficiency of different 
heterogeneities responsible for the multiple fractionated crystallization peaks. As two 
representative examples, the volume fraction of crystallized iPP droplets containing 
self-nuclei and the nucleating agent NA-11 and were recorded as a function of 
crystallization time, and analyzed on the basis of the Avrami equation in Figure 35A 
and 35B. Crystallization of iPP micro-droplets containing 0.25 wt % NA-11 showed a 
first-order kinetics with Avrami index around 1.0, suggesting that heterogeneous 
nucleation was the rate-determining step for the entire crystallization process. 
However, ideally self-nucleated iPP droplets showed a sigmoidal crystallization curve 
with Avrami index around 3.0, indicating that the nucleation process is very fast (due 
to the presence of self-nuclei), hence it does not contribute to the kinetics, while 
crystal growth dominates the entire crystallization process.  
The Avrami index for all the iPP droplets (neat, containing different 
nucleating agents, and self-nucleated) are summarized in Figure 36A. All the iPP 
droplets nucleated on known or unknown heterogeneities (e.g., NAs, PS surface or 
type B heterogeneities) exclusively showed a nucleation controlled first-order 
kinetics, which can be further analyzed based on the classical heterogeneous 
nucleation model [331] to derive the interfacial free energy difference, , between 
the heterogeneities and the crystallizing polymer. Accordingly, the slope of the lines 
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the α form crystal nucleating agents, NA-11 is the most efficient one to nucleate iPP, 
exhibiting the lowest . It is worth to note that the concentration of NAs was 
demonstrated to have no effect on the derived intrinsic nucleation efficiency. The 
same method was also successfully applied to investigate the nucleation efficiency of 
β-crystal nucleating agent, like quinacridone quinone (QQ) (see Figure 36B). 
Impurities are able to act as heterogeneous nuclei, as has been proved by 
Müller et al. [122]. This was observed for a polyethylene-block-poly(ethylene-alt-
propylene)-block-polyethylene oxide block copolymer which was prepared 
hydrogenating the polybutylene-block- poly(ethylene-alt-propylene)-block-
polyethylene oxide terpolymer. For that purpose, a Wilkinson catalyst was used. In 
order to elucidate if the presence of this catalyst affects the crystallization process, the 
block copolymer was purified to remove the catalyst, and the thermal properties of 




Figure 37. Cooling and heating scans of PE-PEP-PEO copolymer unpurified (black) and purified 
(green). Adapted with permission from ref. [122]. 
 
 

































In Figure 37, the unpurified sample can be observed in black. At about 60 ºC 
the crystallization of PE block occurs, and at lower temperatures, at 20 and -27 ºC, the 
crystallization of PEO block. The crystallization of PEO at 20 ºC is caused by 
heterogeneous nucleation and the peak at -27 ºC could be caused by less active 
heterogeneities or by surface nucleation. When the purified sample is analysed, it can 
be observed (green curve in Figure 37), that the peak at about 20 ºC disappears. In this 
case PEO crystallizes at -27 ºC and at -47 ºC. The peak at -27 ºC could be caused by 
weak heterogeneities or surface nucleation whereas the peak at -47 ºC results from the 
crystallization of a certain MD population that is homogeneously nucleated. This 
result indicates that the crystallization peak at 20 ºC of the unpurified sample was 
caused by Wilkinson catalyst, since it disappears in the case of the purified sample 
[122]. Thus, Wilkinson catalyst acts as heterogeneous nucleating agent. 
 
3.2. Interface/Surface and Volume effects: Surface versus Homogeneous 
Nucleation 
The unequivocal attribution of a given fractionated crystallization peak to 
homogeneous nucleation, rather than to surface-induced nucleation, is extremely 
challenging. Typically, in order to demonstrate the occurrence of homogeneous 
nucleation, the overall crystallization rate constant in isothermal experiments is 
plotted as a function of domain volume [308]. In fact, the probability of a 
homogeneous nucleus to be formed upon spontaneous aggregation of chain segments 
is proportional to the volume of undercooled polymer. On the other hand, a 
dependence on the system area is found for the case of surface-induced nucleation. 
Unfortunately, for the above discussed polymeric systems, isothermal crystallization 
experiments are just a minority [273], while there is an abundance of literature 
regarding non-isothermal crystallization. 
In particular, many experimental data are available for two particular polymers 
discussed in the previous sections, i.e., iPP and PEO. For these polymers non- 
isothermal crystallization temperature data are typically measured spanning a variety 
of systems, from immiscible blends to AAO templates and block copolymers. Given 
the above, and following the suggestion of Müller et al. [33], we present a 
comprehensive collection of the measured TC  for the different systems, plotted against 
the average volume of the isolated micro- or nano-domains in the different systems. 
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Figure 38 gathers a selection of the reported crystallization temperatures of iPP for 
a wide range of domain sizes, spanning about 7-8 orders of magnitude. The values 
selected from the literature are those most probably ascribed to homogeneous 
nucleation, i.e., typically the lowest TC if a series of fractionated crystallization peaks 
are present. Although a substantial overlap in the size range characteristic of each 
system exists, the largest domain sizes are those obtained for relatively coarse 
droplets in immiscible blends. In the intermediate size range, we find iPP infiltrated in 
AAO templates, while nanodroplets in emulsions and from nanolayer breakup extend 
the domain size range down to 105-106 nm3.  
 
 
Figure 38. Collection of non-isothermal crystallization temperatures of iPP as a function of the volume 
of isolated polymer domains in different systems (immiscible blends, droplets form nanolayer breakup, 
nanoemulsions and AAO templates). The selected temperature are ascribed to the homogeneous 
nucleation mechanism. Immiscible blends (red stars [7,8,15,18,19]), nanolayer (blue triangles 
[4,39,40]), nanoemulsions (green squares [30]),  AAO template (pink spheres [275]). 
 
 
We note that, notwithstanding the large variation in isolated domain size, the 
corresponding non-isothermal crystallization temperature of iPP varies in quite a 




































due to the collection of many different polymer grades and conditions, a clear linear 
relationship between the logarithm of domain volume and the crystallization 
temperature can be established. Such empirical relationship is described by the 
following equation: 
𝑇𝑐 = 18.0 + 2.98⁡log⁡(𝑣𝑑) (10) 
This implies that, since the overall crystallization rate of clean and isolated micro- or 
nano-domains is controlled by nucleation, a homogeneous nucleation mechanism, 
whose rate is proportional to the volume of the crystallizing phase, is most likely 
active in the reported cases. Interestingly, the ultimately reached TC is still somewhat 
40 °C above the glass transition temperature of iPP, contrary to what occurs for other 
examples of homogeneously crystallizing polymers, such as the case of PEO that will 
be discussed next. 
 
 
Figure 39. Collection of non-isothermal crystallization temperatures of PEO as a function of the 
volume of isolated polymer domains in different systems. The vertical bars indicate Tc ranges reported 
for isothermal crystallization temperatures, while the data points are values for non-isothermal 
experiments. AAO system (red squares [273], blue diamonds [270]), electrospun nanofibers (green 
stars [56], violet pentagons [57]), and immiscible blends (purple spheres [24]). 
 
Müller et al. have summarized the nonisothermal crystallization data of PEO for 
homogeneous nucleation covering a broad range of domain sizes from varied systems, 





























copolymers  [33]. The following correlation relationship between the peak 
crystallization temperature during a DSC cooling scan (Tc, in ºC) and the volume of 
PEO phase (vd, in nm
3) was obtained: 
 
 𝑇𝑐 = −41.8 + 2.89log⁡(𝑣𝑑) (11) 
 
Figure 39 shows an updated plot of Tc as a function of domain volume including 
the data points summarized by Müller et al. (grey up triangle). The gap in the range of 
107 to 1010 nm3 is filled with data points taken from the AAO system (red square 
[273], blue diamond [270]), electrospun nanofibers (green star [56], violet pentagon 
[57]), and immiscible blends (purple sphere [24]). Although many values of Tc have 
been reported for infiltrated PEO within AAO in the literature, we only used those 
with clearly reported filled volumes/depths, since the pores can be partially filled or 
form nanotubes. The modified correlation relationship between Tc (ºC) and vd (nm
3) is: 
 
 𝑇𝑐 = −39.5 + 3.03log⁡(𝑣𝑑) (12) 
 
While homogeneous nucleation can be somehow recognized, although with the aid 
of empirical correlations, surface nucleation is more subtle and difficult to distinguish. 
A trivial case for immiscible polymer blends is related to the double-crystalline 
system PA-6/iPP, in which the polyamide matrix crystallizes before the dispersed 
phase (iPP droplets), causing an upward shift of the TC of the minor component with 
respect to that of the bulk material [11].  
Nucleation at the interface can also be hypothesized in the case of amorphous 
matrices in immiscible blends and nanodroplets generated by nanolayer breakup. For 
example, Tol et al. compared the crystallization of PA-6 droplets of different average 
diameters in matrices of PS/SMA or PPE/PS/SMA. [28] The fractionated 
crystallization temperature of the compatibilized PS matrix was systematically above 
that of the PPE/PS/SMA in the entire range of droplet size. Given the similar 
interfacial tension and identical morphology, the difference was attributed to surface 
nucleation, although vitrification of the matrix could also play a role in inducing 
crystallization. Nanodroplets of iPP dispersed in either PS, PMMA and PC matrices 
were obtained by breakup of nanolayers produced via co-extrusion. [4] While both 
iPP sub-micron droplets crystallized exclusively via homogeneous nucleation at about 
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40 °C when in contact with PS or PMMA, fractionated crystallization was observed in 
the case of PC matrix. In this case, the majority of droplets crystallized at around 85 
°C, with a small fraction of droplets crystallizing at the homogeneous crystallization 
temperature. The authors ascribed the effect to surface-induced nucleation. Although 
the interpretation of the above results for immiscible blends seems the most plausible, 
the possibility of impurities or nuclei migration from the matrix to the dispersed phase 
cannot be totally excluded. 
 
Figure 40. Crystallization half-time as a function of AAO pore diameter of bulk and infiltrated PLLA 
in AAO templates at 75 °C. 
 
As for polymer crystallization within AAO templates, a possible nucleation effect 
of the AAO wall has been frequently proposed to explain the relatively high Tc as 
compared to the Tg, such as in PE [211], PBS [332], PVDF [267], etc. Clear evidence 
of the AAO surface effects on crystallization was reported in poly(L-lactic acid) 
(PLLA). Guan et al. [333] found that the rate of cold crystallization from the glassy 
state was enhanced in AAO with respect to the bulk, as shown in Figure 40. A further 
study revealed that there was a highly mobile layer in the interface of AAO/PLLA 





















layer depended strongly on the adsorption effect during annealing which in turn 
affected the crystallization rate [334]. 
 
 
4. Conclusions and Perspective 
 
 Fractionated crystallization is encountered when a bulk polymer is subdivided 
into MDs that are small enough to exhibit a number density of the same order of 
magnitude as that of active heterogeneities present in the bulk material (i.e., type A 
heterogeneities). In a typical case, one exotherm will appear at the same undercooling 
as that of the bulk polymer produced by the crystallization of a population of MDs 
that contain type A heterogeneities. Then at increasing undercoolings, new exotherms 
can appear depending on the content of other types of heterogeneities that are present 
in specific MD populations (e.g., type B and type C in decreasing activity order or 
increasing interfacial free energy difference). Finally, at even higher undercooling, the 
clean MDs population (i.e. heterogeneity-free MDs) can crystallize either by surface 
nucleation or homogeneous nucleation inside the volume of the MDs. The 
homogeneous nucleation temperature occurs at the maximum possible undercooling 
and is a function of the volume of the microdomains. Hence, for very fine MDs (i.e., 
nano-spheres), homogeneous nucleation occurs at temperatures very close to the glass 
transition. Fractionated crystallization is thus easily observable in the dispersed 
component of immiscible blends and in some miscible double crystalline systems. 
 When the number density of MDs is several orders of magnitude (i.e., 6-10) 
higher than the number density of type A heterogeneities available in the bulk 
polymer, only clean MDs are formed on average. Hence, fractionated crystallization 
disappears and is replaced by a single exotherm located at very large undercoolings 
due to crystallization initiated by surface or homogeneous nucleation. This is the 
usual case in block copolymers MDs (cylinders or spheres) or in polymers infiltrated 
within nanoporous AAO templates. In this last case, fractionated crystallization has 
been often reported for infiltrated polymers. However, it has been demonstrated that 
when the surface of the infiltrated template is properly cleaned (i.e., any residual 
polymer that can percolate nanopores is removed) and the size of the nanopores is 
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small enough, only surface or homogenous nucleation can be observed and thus a 
single crystallization exotherm at high undercoolings is found. 
In the case of nanocomposites, as nanofiller content increases, the material is 
usually first nucleated and then at a certain concentration confinement takes over, and 
fractionated crystallization can be observed up to the point where at very large loads 
(or interactions between filler and matrix), surface or homogeneous nucleation can be 
observed. 
 When a crystallizable polymer goes from being a bulk, continuous or 
percolated phase (or MD) to a dispersed, highly confined phase (or MD), the 
crystallization gradually changes: from a single exotherm at very low undercoolings 
(due to heterogeneous nucleation caused by type A heterogeneities), to fractionated 
crystallization with several exotherms to finally a single crystallization exotherm 
located at maximum supercooling (due to surface or homogeneous nucleation) 
 The above rationalization has been made possible thanks to the demonstration 
that fractionated crystallization is due to the lack of type A heterogeneities in every 
single MD. This demonstration has been achieved by either injecting nuclei (adding 
nucleating agents) or self-nuclei (self-nucleating the MDs) to all MDs. 
 Another consequence of confinement is that, as a result of the small size of the 
MDs, growth can occur very fast, as long as a nucleation site is provided to the MD. 
The slow or rate determining step for an ensemble of clean isolated MDs is usually 
the nucleation step. This means that the overall crystallization kinetics (which is a 
function of both nucleation and growth) typically goes from a sigmoidal higher order 
kinetics (3 or 4 for spherulitic forming polymers that nucleate instantaneously or 
sporadically) for the bulk material, to a first order kinetics (or lower depending on the 
nucleation rate) for the case where the same material is dispersed as small clean MDs. 
However, a first-order overall crystallization kinetics is not necessarily a sign of 
surface or homogeneous nucleation, as it can be present in MDs dispersions where 
only weak nucleating agents are injected, for example, and still the kinetics could be 
dominated by nucleation. 
 Fractionated crystallization or exclusive crystallization al large undercooling 
due to surface/homogeneous nucleation can have extreme consequences for the 
crystallinity and crystallization kinetics of confined polymers. In extreme cases (like 
PCL and PEO) the material can remain amorphous upon cooling to room temperature, 
as they usually crystallize above room temperature when they are heterogeneously 
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nucleated, and well below room temperature (at temperatures lower than -30 ºC) 
when they are surface/homogeneously nucleated. Even when the material can 
crystallize upon cooling from the melt to room temperature (like in the case of PE or 
PP), the non-isothermal and isothermal crystallization rate decreases as the volume of 
the MDs decreases, reducing the final crystallinity of the MDs. Although fractionated 
crystallization is of importance for our fundamental understanding of polymer 
nucleation, this reduced crystallinity can also have large consequences on the 
mechanical and barrier properties of such materials. In the case of nanocomposites 
where the matrix is under confinement by the nanofiller, the crystallinity can drop to 
undetectable levels, once again impacting the mechanical and barrier properties of the 
PNCs. More work is needed on the relationship between fractionated crystallization 
and final properties and applications. In principle, functional materials based with 
thermal responsivity could be prepared by taking advantage of the widely different 
crystallization ranges, depending on the fractionated crystallization details of the 
multiphasic material under consideration (i.e., blends, block copolymers, 
nanostructured fibers, hybrid materials). For example, by adjusting the number and/or 
types of heterogeneities, the temperature-dependent crystallinity of the polymer can 
be delicately “programmed”, which provides a simple way of designing new 
functional and smart polymer materials. 
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